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Units

$2000 U.S. 2000 dollars

bbl barrel

c/kWh cents per kilowatt hour

EJ exajoule

gal gallon

GJ gigajoule

Gt gigatonne

GtC gigatonne carbon

MT megatonne

MtC megatonne carbon

PgC petagram carbon

ppbv parts per billion by volume
ppmv parts per million by volume
ppt parts per trillion

Quad quadrillion btu

tcf thousand cubic feet

wm? watts per meter squared
yr year

Chemical Formulas

CH, methane

CO carbon monoxide
CO, carbon dioxide
N,O nitrous oxide

O3 ozone

Sk sulfur hexafluoride
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ES.1. Highlights of the Report
ES.1.1. Background

This report presents research from Synthesis asds&snent Product 2.1a of the Climate
Change Science PrograBgenarios of Greenhouse Gas Emissions and Atmaspher
ConcentrationsThe scenarios in this research product are dedignstabilize the
influence of a suite of greenhouse gases (GHGd)enatioxide (CQ), methane (Chj,
nitrous oxide (NO), hydrofluorocarbons (HFCs), perfluorocarbons@Bfand sulfur
hexafluoride (SE—on the Earth’s radiation balance, measured mgeof radiative
forcing. Four radiative forcing stabilization lesedre considered. The resulting
atmospheric concentrations of the largest singtertmutor, CQ, are roughly 450, 550,
650 and 750 ppmv. In response to the Prospectubiforesearch product, this report
presents scenarios with an emphasis on (1) GHGsamnsstrajectories, (2) global and
U.S. energy system implications, and (3) economialications of stabilization.

This research was conducted using computer-basednah tools known as integrated
assessment models. Three modeling groups eacheindeptly developed a reference
scenario, in which all climate policies were assdreexpire in 2012, and then
developed four stabilization scenarios as depastiuoen their respective reference
scenarios. Idealized emissions-reduction measudesigned to achieve emissions
reductions wherever, whenever, and using which@® was most cost-effective —
were imposed to limit GHG emissions and meet tlwe fadiative forcing limits.

Evidence from previous literature suggests thegs$ idealized measures were employed
to stabilize radiative forcing, costs could be sabsally higher. Further, this research
considers only the costs of stabilization; it dnesconsider the benefits of potential
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climate change avoided or of possible ancillarydbiés of emissions reduction (e.g., less
air pollution).

The scenarios in this report are not predictionlsest-judgment forecasts from the
modeling groups. Rather, they constitute new reseiatended to advance understanding
of the forces that lead to GHG emissions and thaps opportunities to stabilize GHG
concentrations and radiative forcing. Although filneire is uncertain and the scenarios
are strongly dependent on many underlying assumgtitis research provides useful
insights for those engaged in climate-related decisaking.

ES.1.2.  Highlights of the Report

In the reference scenarios, economic and energywjtto, combined with continued

fossil fuel use, lead to changes in the Earth’s fatlon balance that are three to four
times that already experienced since the beginnaidghe industrial ageBy 2100,

primary energy consumption increases from overethoenearly four times 2000 levels as
economic growth outpaces improvements in the efficy of energy use. Non-fossil
energy use grows some five-fold over the centuuythis growth is insufficient to
supplant fossil fuels as the major source of enekgya result, global C£emissions

more than triple between 2000 and 2100, and enmissice rising at the end of the’21
century. Combined with the effects of non-08HGs, the increase in anthropogenic
radiative forcing from preindustrial levels is steogial.

In the stabilization scenarios, C£emissions peak and decline during the twenty-first
century or soon thereafter. Emissions of non-GGHGs are also reduced:he timing
of reduction in GHG emissions varies substantiatljoss the stabilization levels. In the
most stringent scenarios, @@missions begin to decline immediately or withimatter
of decades. In the less stringent scenarios, €dssions do not peak until late in the
century or beyond, and they are 1% to over 2% tiogsy’s levels in 2100.

In the stabilization scenarios, GHG emissions retioos require a transformation of
the global energy system, including reductions iretdemand for energy and changes
in the mix of energy technologies and fuels. Thramsformation is more substantial
and takes place more quickly at the more stringstdbilization levelsFossil fuel use
and energy consumption are reduced in all thelstatbon scenarios due to increased
consumer prices for fossil fuels. Use of shaletail sands, and synthetic fuels from coal
are greatly reduced or, at the most stringentistabon levels, eliminated. CO
emissions from electric power generation are redlateelatively lower prices than GO
emissions from other sectors, such as transpaisiny, and buildings. Emissions are
reduced from electric power by increased use difrtelogies such as G@apture and
storage (CCS), nuclear energy, and renewable en@tbgr sectors respond to rising
greenhouse gas prices by reducing demands fot fosis; substituting low- or non-
emitting energy sources such as bioenergy, el@girand hydrogen; and applying CCS
where possible.

ES-2
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Substantial differences in GHG emissions prices aagbociated economic costs arise
among the modeling groups for each stabilizatiowé®, and these are illustrative of
some of the unavoidable uncertainties in long tescenarios Among the most
important factors influencing the variation in eoamc costs are: (1) differences in
assumptions — such as those regarding economidtyamer the century, the behavior of
the oceans and terrestrial biosphere in taking @g @nd opportunities for reduction in
non-CQ GHG emissions — that determine the amount that€dssions that must be
reduced to meet the radiative forcing stabilizaterels; and (2) differences in
assumptions about technologies, particularly insé@nd half of the century, to shift
final demand to low-C@sources such as biofuels, low-carbon electriaityhydrogen in
transportation, industrial, and buildings end u#disother things being equal, scenarios
with more low-cost technology options and loweruiegd emissions reductions have
lower economic costs.

ES.2. Background

The Strategic Plan for the U.S. Climate Change Scid¢hraggram(CCSP 2003) noted
that “sound, comprehensive emissions scenariosssential for comparative analysis of
how climate might change in the future, as wellasnalyses of mitigation and
adaptation options.” The Plan includes Product®&Hich consists of two parts:
Scenarios of Greenhouse Gas Emissions and Atmas@@ncentration@ndReview of
Integrated Scenario Development and Applicatibnis report presents the scenario
development component (Product 2.1A); the reviewcehario methods (Product 2.1B)
is the subject of a separate report.

Guidelines for producing these scenarios wereas#t in a Prospectus (CCSP 2005),
which specified that the new scenarios focus cerraditive levels of atmospheric
stabilization of the radiative forcing from the cbimed effects of a suite of the main
anthropogenic greenhouse gases (GHGs). The Praspasb set forth criteria for the
facilities to be used in the analysis. Scenariaglped using three models that meet the
Prospectus conditions are reported here.

The scenarios in this report are intended as omeamiy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it, and they may
also serve as a point of departure for further C@&sdPother analyses that might inform
these discussions in the future. The possible uddl®ese scenarios are many and
diverse. They include climate modelers and thensei&ommunity; those involved in
national public policy formulation; managers of Eeal research programs; state and
local government officials who face decisions timéght be affected by climate change
and mitigation measures; and individual firms, fayeind members of the public. Such a
varied clientele implies an equally diverse sgpadsible needs, and no single scenario
exercise can hope to fully satisfy all of thesedsee

Each of the three participating modeling groupst fiteveloped a no-climate policy
scenario—referred to as a reference scenario—vwganles as baseline for development
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of alternative scenarios with emissions controttzaodeling group then developed four
control scenarios leading to stabilization of rég&forcing at four alternative levels.
The resulting scenarios provide insight into quesisuch as the following:

* What emissions trajectories over time are congsistéh meeting the four
stabilization levels, and what are the key factbat shape them?

* What energy system characteristics are consistiéimteach of the four alternative
stabilization levels, and how do they differ fromecanother?

* What are the possible economic consequences ofngestch of the four
alternative stabilization levels?

Although each of the models used to develop theseasios represents the world as a set
of interconnected nations and multi-nation regi@ssspecified in the Prospectus, this
report focuses on the U.S. and world totals.

With the exception of the stabilization levels tlseives and a common hypothesis about
international burden sharing, there was no direotdination among the modeling

groups either in the assumptions underlying theregfce scenario or the precise path to
stabilization. Furthermore, the scenarios weredesigned to span the full range of
possible futures, and no explicit uncertainty asislyvas called for. Although the future

is uncertain and the scenarios are depend on nraterlying assumptions, this research
illuminates a range of possible future developmants provides useful insights for those
engaged in climate-related decision making.

The scenarios in this report do not constitute astc@enefit analysis of climate
policy. They focus exclusively on the issues asated with reducing emissions to
meet various stabilization levels, they do not caolfes the damages avoided through
stabilization or ancillary benefits that could bealized by emissions reductions,
such as reductions in local air pollution reductiorhus, although the scenarios
should serve as a useful input to climate-relateecdsion making, they address only
one of the several components of a benefit-costigsa of climate policy.

Scenario research such as this continues a tnadificesearch and analysis that has gone
on for over 20 years. This work will be continuediaefined as the field advances, new
information becomes available, and decision makese new questions and issues.
Similar work is conducted by modeling groups ind&pe and Asia. The scenarios
developed here add to this larger body of schoiamsiid should be viewed as one
additional piece of information in an ongoing atetative process of scenario
development.

ES.3. Models Used to Develop the Scenarios
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The Prospectus set out the following criteria fartigipating models: they must (1) be
global in scale, (2) be capable of producing glaraissions totals for designated GHGs,
(3) represent multiple regions, (4) be capabldaratifating the radiative forcing from
these GHGs and substances, (5) have technologsaution capable of distinguishing
among major sources of primary energy (e.g., rebn@nergy, nuclear energy,
biomass, oil, coal, and natural gas) as well aséat fossil fuel technologies with and
without carbon capture and storage systems, (écbromics-based and capable of
simulating macroeconomic cost implications of dtahiion, and (7) look forward at least
to the end of the twenty-first century. In additiomodeling groups were required to have
a track record of publications in professionalere&d journals, specifically in the use of
their models for the analysis of long-term GHG esiuis scenarios.

Application of these criteria led to the selectafrihree models:

* The Integrated Global Systems Model (IGSM) of thaskbachusetts Institute of
Technology’s Joint Program on the Science and Policlobal Change

* The MiniCAM Model of the Joint Global Change Res#ainstitute, which is a
partnership between the Pacific Northwest Natiddloratory and the
University of Maryland

* The Model for Evaluating the Regional and GlobdkEtis (MERGE) of GHG
reduction policies developed jointly at Stanfordilénsity and the Electric Power
Research Institute.

Each of these models has been used extensivetyifoate change analysis. The roots of
each extend back more than a decade, during winighféatures and details have been
refined, modified and added. Research using easlajygeared widely in peer-reviewed
publications.

ES.4. Approach

As directed by the Prospectus, each of the thresetimgy groups produced one reference
scenario and four stabilization scenarios, fortaltof 15 scenarios. First, the reference
scenarios were developed under the assumptiomoheltmate policy would be
implemented beyond the set of policies currentlglace (e.g., the Kyoto Protocol and
the U.S. carbon intensity goal, each terminatingdh2 because goals beyond that date
have not been identified). Each modeling group bigesl its own reference scenario.
The Prospectus required only that each refererexeasio be based on assumptions
believed by the participating modeling groups tdreaningful” and “plausible”. Each
of the three reference scenarios is based onexeiiff set of assumptions about how the
future might unfold without additional climate paks. These assumptions are not
intended as predictions or best judgment forea#dtse future by the respective
modeling groups. Rather, they represent possililesghat the future might follow to
serve as a platform for examining how emissionshiriig reduced to achieve
stabilization.
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Each group then produced four stabilization scesary constraining the models to
achieve four alternative radiative forcing levé&sabilization was defined in terms of the
total long-term radiative impact of a suite of GHBsluding carbon dioxide (CA

nitrous oxide (MO), methane (Ckj, hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), and sulfur hexafluoride (§FThese are the gases enumerated in the U.Stgyoal
reduce the intensity of GHG emissions relativertussg domestic product (GDP) as well
as the Kyoto Protocol. Other substances with radiatnpact, such as gases controlled
under the Montreal Protocol, carbon monoxide (G2pne (Q), and aerosols were not
included in the radiative forcing levels.

The four stabilization scenarios were developethabthe increased radiative forcing
from these gases was constrained to no more tlawi” for Level 1, 4.7 Wn7 for
Level 2, 5.8 Wrif for Level 3, and 6.7 Wihfor Level 4. These levels were defined as
increases above the preindustrial level, so thelpite the roughly 2.2 Wrhincrease that
had already occurred as of the year 2000 (Tabl&)ES.

Table ES.1. Greenhouse Gas Concentrations and Fong. Concentrations of GHGs
have increased since 1750 (preindustrial).

Preindustrial Current Increased

Concentration Concentration Forcing wm™

(1750) (1998) (1750-1998)
CO, 278 ppmv 365 ppmv 1.46
CH, 700 ppbv 1745 ppbv 0.48
N,O 270 ppbv 314 ppbv 0.15

HFCs, PFCs, SF4 0 various =~ 0.02

Total -- -- 2.11

Source: IPCC, 2001

These radiative forcing levels were chosen sottieassociated C{&oncentrations
would be roughly 450 ppmv, 550 ppmv, 650 ppmyv, @Bd ppmv after accounting for
the contributions to radiative forcing from the r6@, GHGs. Thus, these GO
concentrations are not the g@quivalent concentrations associated with the four
radiative forcing levels. Furthermore, they areragpnations that were used as a guide
to develop the radiative forcing stabilization Isvr the full suite of gases considered
in this research (Table ES.2). The £0ncentrations in the scenarios do not exactly
match these approximations, and the,€@ncentrations in the scenarios differ among
modeling groups because of differences in thernreat of the forces that influence
emissions of GHGs, possibilities for emissions o#idums, and tradeoffs between
reductions among GHGs.

Table ES.2. Radiative Forcing Stabilization Level§Wm-2) and Approximate
Resulting CO, Concentrations (ppmv).The radiative forcing levels were constructed
so that the C@concentrations resulting from stabilization oflatadiative forcing, after
accounting for radiative forcing from the non-£€GHGs, would be roughly 450 ppmv,
550 ppmv, 650 ppmyv, and 750 ppmv.
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Approximate
Contribution to | Approximate
Radiative Contribution  Corresponding
Total Radiative | Forcing from to Radiative CO,
Forcing from non-CO, Forcing from  Concentration
GHGs (Wm®) | GHGs (Wm?) | CO, (Wm?) (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 4.5 650
Level 4 6.7 1.4 5.3 750
Year 1998 2.11 0.65 1.46 365
Preindustrial 0 0 0 275

ES.5. Overview of the Scenarios

Findings are summarized here first for the thréeremce scenarios, then for the twelve
stabilization scenarios: four for each of the thresdeling groups.

ES.5.1.

Reference Scenarios

The difficulty in achieving any specified level afmospheric stabilization depends
heavily on the emissions that would occur absetm s to address GHG emissions. In
other words, the reference scenario strongly imibes the stabilization scenarios. If the
reference scenario has cheap fossil fuels anddaghomic growth, then larger changes
to the energy sector and other parts of the ecomaaybe required to stabilize the
atmosphere. On the other hand, if the referenasasiceshows lower growth and
emissions, and perhaps increased exploitation ffossil sources even in the absence
of climate policy, then the effort required to skale radiative forcing will not be as

great.

Energy production, transformation, and consumpdiencentral features in all of these
scenarios, although non-G@ases and changes in land use also make a sagific
contribution to aggregate GHG emissions. Demaneémf@rgy over the coming century
will be driven by economic growth and will also steongly influenced by the way that
energy systems respond to depletion of resourbasiges in prices, and improvements in
technology. Demand for energy in developed cousiteenains strong in all scenarios
and is even stronger in developing countries, whaheons of people seek greater access
to commercial energy. These developments stromfliyance the emissions of GHGs,
their disposition, and the resulting change inatide forcing under reference conditions.

The three reference scenarios show the implicatbtisis increasing demand and the
improved access to energy, with the ranges refig¢he variation among the three
modeling groups. Global primary energy productiges substantially in all three
reference scenarios, from about 400 EJ/yr in 260fetween roughly 1275 EJ/yr and

1500 EJ/yr in 2100 (Figure ES.1). U.S. primary gggroduction also grows
substantially, about 1% to 2¥% times present lelvgl28100 (Figure ES.2). Primary energy
growth occurs despite continued improvements ireffieiency of energy use and energy
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production technologies. For example, the U.S.gnentensity—the ratio of energy
consumption to economic output—declines 60% to Pe¥ween 2000 and 2100 across
the three reference scenarios.

Figure ES.1. Global Primary Energy ConsumptionygJ/
Figure ES.2. U.S. Primary Energy Consumption (BJ/yr

All three reference scenarios include a gradualegdn in the consumption of
conventional oil resources. However, in all threkerence scenarios, a range of
alternative fossil-based resources, such as synfinels from coal and unconventional
oil resources (e.g., tar sands and oil shaleskaagable and become economically
viable. Fossil fuels provide almost 90% of the glloénergy supply in the year 2000, and
they remain the dominant energy source in the ttefsgence scenarios throughout the
twenty-first century, supplying 70% to 80% of topgimary energy in 2100.

However, non-fossil fuel energy use also grows élvercentury in all three reference
scenarios. Contributions in 2100 range from 2560860 EJ—an amount equaling
roughly %2 times to a little over total global engmpnsumption today. Despite this
growth, these sources never supplant fossil fadtisough they provide an increasing
share of the total, particularly in the second bélhe century.

Consistent with the characteristics of primary ggeglobal and U.S. electricity
production continues to rely on coal, although twatribution varies among the
reference scenarios (Figure ES.3 and Figure EBM) contribution of renewable and
nuclear energy varies considerably in the differefgrence scenarios, depending on
resource availability, technology, and non-climaddéicy considerations. For example,
global nuclear generation in the reference scesaginges from about 1% times current
levels (if non-climate concerns such as safetyteyasd proliferation constrain its
growth as is the case in one reference scenavi@); expansion of almost an order of
magnitude assuming relative economics as the amgtcaint.

Figure ES.3. Global Electricity Production (EJ/yr)
Figure ES.4. U.S. Electricity Production (EJ/yr)

In the reference scenarios, oil and natural gaegriise through the century relative to
year 2000 levels, whereas coal and electricitygsriemain relatively stable. It should be
emphasized, however, that the models used ingkesarch were not designed to simulate
short-term, fuel-price spikes, such as those tbatiwed in the 1970s, early 1980s, and
more recently in 2005. Thus, price trends in thenacios should be interpreted as multi-
year averages.

As a combined result of all these influences, eimmssof CQ from fossil fuel
combustion and industrial processes in the referenenarios increase from
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approximately 7 GtC/yr in 2000 to between 22.5 @t@hd 24.0 GtC/yr in 2100; that is,
from 3 to 3% times current levels (Figure ES.5).

Figure ES.5. Global Emissions of €f@om Fossil Fuels and Industrial Sources
[CO, from land-use change excluded] Across Referenea&ims
(GTClyr)

It is instructive to see how emissions are dividetiveen industrialized countries (Annex
1) and developing countries (Non-Annex 1). Devealgpountry emissions overtake
those of developed countries in the 2020 to 208@ftame in the reference scenarios
(Figure ES.6). This suggests the difficulty of gliaimg radiative forcing without
developing-country participation. Indeed, evena¥eloped countries were to reduce
their emissions to zero, global involvement woulll se necessary for stabilization.

Figure ES.6. Global Emissions of Fossil Fuel ardugtrial CQ by Annex | and
Non-Annex | Countries Across Reference Scenaria€®)

The capacity of the ocean to absorb,@@ers among the three models. The ocean is a
major sink for CQ, and the rate at which the oceans take up g&erally increases in
the reference scenarios as concentrations risgieahe century. However, processes in
the ocean can slow this rate of increase at higlcextrations late in the century. The
three reference scenarios have ocean uptake mnige of 2 GtC/yr in 2000, rising to
about 5 GtC/yr to 11 GtC/yr by 2100. The three oamadels behave more similarly in
the stabilization scenarios; for example, the déifice between ocean uptake in the most
stringent stabilization scenarios is less than@/@tin 2100.

Two of the three participating models include subdeds of the exchange of G@ith

the terrestrial biosphere, including the net uptak@lants and soils and the emissions
from deforestation. In the reference scenarios ftle@se modeling groups, the terrestrial
biosphere acts as a small annual net sink (lesslit@tC/yr) in 2000, increasing to an
annual net sink of roughly 2 GtC/yr to 3 GtC/yrthe end of the century. The third
modeling group assumed a zero net exchange. Changesssions from terrestrial
systems over time in the reference scenarios tedsumptions about human activity
(including a decline in deforestation) as wellmsréased C@uptake by vegetation as a
result of the positive effect of G@n plant growth. There remains substantial unseyta
about this carbon fertilization effect and its extadn under a changing climate.

Although this Executive Summary focuses on the rmpbrtant anthropogenic GHG,
CO,, the models include a number of other GHGs {0 Sk, PFCs, and HFCs),
which are emitted from various sources, includiggalture, waste management,
biomass burning, fossil fuel production and constiomp and a number of industrial
activities. Future global anthropogenic emissioh€ld, and NO vary widely among the
reference scenarios, ranging from flat or declirengissions to increases of 2 to 2% times
present levels. These differences reflect altereatiews of technological opportunities
and different assumptions about whether currenssions rates will be reduced
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significantly for non-climate reasons, such agailtution control and/or higher natural
gas prices that would further stimulate the captdr€H, emissions for its fuel value.

Increases in emissions from the global energy systed other human activities lead to
higher atmospheric GHG concentrations and radidtix@ng. This increase is moderated
by natural biogeochemical removal processes. Asalt; GHG concentrations rise
substantially over the century in the referenceades. By 2100, C&©concentrations
range from about 700 ppmv to 900 ppmv, up from @e®v in 1998. Chl

concentrations in 2100 range from 2000 ppbv to 488y, up from 1745 ppbv in 1998,
and NO concentrations in 2100 range from about 375 ppl®00 ppbv, up from 314
ppbv in 1998.

As a result, radiative forcing in 2100 ranges fré@ Wm?to 8.6 Wn¥ relative to
preindustrial levels, up from a little over 2 Wrtoday. The non-COGHGs account for
about 20% to 25% of the forcing at the end of thetery (Figure ES.7).

Figure ES.7. Radiative Forcing by Gas Across Ref@eéscenarios (Wm-2)
ES.5.2. Stabilization Scenarios

Important assumptions underlying the stabilizasoanarios include the flexibility that
exists in a policy design and, as represented éynbdeling groups, seeking out least
cost options for emissions control regardless ofnelithey occur, what substances are
controlled, or when they occur. This set of comdis is referred to aghere, whatand
whenflexibility. Equal marginal costs of abatement ameagions, across time (taking
into account discount rates and the lifetimes tssances), and among substances
(taking into account their relative warming potahaind different lifetimes) will, under
specified conditions, lead to least cost abatenteaxth modeling group applied an
economic instrument that priced GHGs in a mannasistent with the group’s
interpretation ofvhere whatandwhenflexibility. The economic characteristics of the
scenarios thus assume a policy designed with teatiof achieving the required
reductions in GHG emissions in a least-cost way. ikglications of these assumptions
are that: (1) all nations proceed together in iegtg GHG emissions from 2012 and
continue together throughout the century, andttimsame marginal cost is applied
across sectorsvhereflexibility); (2) the marginal cost of abatemerdas over time in
based on each modeling group’s interpretatiowluénflexibility, with the effect of
linking emissions mitigation efforts over the tiferizon of the scenarios; and (3)
stabilization of radiative forcing is achieved klyntbining control of all GHGs — with
differences in how modeling groups compared thedthamsessed the implications of
whatflexibility.

Although these assumptions are convenient for &éinalypurposes, to gain an impression
of the implications of stabilization, they are itiead versions of possible outcomes. For
the abatement costs be representative of actusrabat costs would require, among
other things, that a negotiated international agey# include these features. Failure in
that regard would have a substantial effect ordifieulty of achieving any of the
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stabilization levels in considered in this reseaFdr example, a delay of many years in
the participation of some large countries woulduregjgreater effort by the others, and
policies that impose differential burdens on digfetrsectors without mechanisms to
allow for equalizing marginal costs across seatarsresult in a many-fold increase in
the cost of any environmental gain. Therefateés /important to view these result as
scenarios under specified conditions, not as préaios or best-judgment forecasts
of the most likely outcome within the national aridternational political system.
Further, none of the scenarios considered the etdemhich variation from these least-
cost rules might be improved upon given interaciaath existing taxes, technology
spillovers, or other non-market externalities.

If the developments in these reference scenarios t@eoccur, concerted efforts to
reduce GHG emissions would be required to stabiaggative forcing at the levels
considered in this research. Such limits would shtaphnology deployment throughout
the century and have important economic conseqseiite scenarios demonstrate that
there is no single technology pathway consistettt wigiven level of radiative forcing.
Furthermore, there are other possible pathwaystti@se considered in this research.

Stabilization of radiative forcing at the levelsaexined in this research would require a
substantially different energy system globally, amthe U.S., than what emerges in the
reference scenarios. The degree and timing of ehamtipe global energy system
depends on the level at which radiative forcingtébilized (Figure ES.8 and Figure
ES.9).

Figure ES.8. Global Primary Energy by Fuel Acrossrfarios (EJ/yr)
Figure ES.9. U.S. Primary Energy by Fuel Acrossn@des (EJ/yr)

Across the stabilization scenarios, the energyesyselies more heavily on non-fossil
energy sources, such as nuclear, solar, wind, lEspaad other renewable energy forms,
than in the associated reference scenarios. Timaisae differ in the degree to which
these technologies are deployed, depending on @sun® about: technological
improvements; the ability to overcome obstacleshsas intermittency in the case of
solar and wind power, or safety, waste, and pnaitfen issues in the case of nuclear
power; and the policy environment surrounding thesnologies. End-use energy
consumption, while still higher than today’s levesslower in the stabilization scenarios
than in the reference scenarios.

Carbon dioxide capture and storage (CCS) is wideployed because each modeling
group assumed that the technology can be succlysséweloped and that concerns about
storing large amounts of carbon do not impedexpaasion. Removal of this assumption
would make the stabilization levels more diffictdtachieve and would lead to greater
demand for low-carbon sources such as renewablgyeaad nuclear power, to the
extent that growth of these other sources is naratise constrained.
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Significant fossil fuel use continues across tladisization scenarios, both because
stabilization allows for some level of carbon enuss in 2100 depending on the
stabilization level and because of the presened ihe stabilization scenarios of CCS
technology.

Increased use is made of biomass energy cropsgtiigbution of which is ultimately
limited by competition with agriculture and forgstOne modeling group examined the
importance of valuing terrestrial carbon similaidythe way fossil fuel carbon is valued
in stabilization scenarios. It was found that intpot interactions between large-scale
deployment of commercial bioenergy crops and lsselaccurred to the detriment of
unmanaged ecosystems when no economic value waedpba terrestrial carbon.

The lower the radiative forcing stabilization levisle larger the scale of change in the
global energy system relative to the referenceaw@mnequired over the coming century
and the sooner those changes would need to ocguréF=S.10).

Figure ES.10. Carbon emissions (GtC/yr) in the Refee and Stabilization
Scenarios

Across the stabilization scenarios, the scale @kthissions reductions required relative
to the reference scenario increases over time, tvtlbulk of emissions reductions taking
place in the second half of the century. But emaissireductions occur in the first half of
the century in every stabilization scenario.

The 2100 time horizon of this research limited exetion of the ultimate stabilization
requirements. Further reductions in £#nissions after 2100 would be required in all of
the stabilization scenarios, because atmospheatidigation at any of the levels
considered in this research requires human emssb8Q in the long term to be
essentially halted. Despite the fact that mucthefdarbon emissions will eventually
make its way into oceans and terrestrial sinks,esetiti remain in the atmosphere for
thousands of years. Only CCS can allow continuedibg of fossil fuels. Higher
radiative forcing limits can delay the point in 8rat which emissions must be reduced
toward zero, but this requirement must ultimatedyntet.

Fuel sources and electricity generation technotogiange substantially, both globally
and in the U.S., under stabilization scenarios amexgbto the reference scenarios. There
are a variety of technological options in the eleity sector that reduce carbon
emissions in these scenarios (Figure ES.11 andd-§8.12).

Figure ES.11. Global Electricity by Fuel acrossri&e®s (EJ/yr)
Figure ES.12. U.S. Electricity by Fuel across SaesgEJ/yr)
By the end of the century, electricity producedcbpventional fossil technology that

freely emits CQis reduced in the stabilization scenarios reldatveeference scenario
scenarios. The level of electricity production freeashnologies that emit GQaries
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substantially with the stabilization level; in thest stringent stabilization scenarios,
electricity production from these technologieseduced toward zero.

The economic effects of stabilization are subsshiriimany of the stabilization
scenarios, although much of this cost is borne latéthe century if the mitigation paths
assumed in these scenarios are followed. As naieére each of the modeling groups
assumed that a global policy was implemented afié@, with universal participation by
the world’s nations, and that the time path of mthins approximated a least-cost
solution. These assumptionsvafiere when andwhatflexibility lower the economic
consequences of stabilization relative to what timéght be with other implementation
approaches.

The stabilization scenarios follow a pattern wharenost scenarios, the carbon price
rises steadily over time (Table ES.3), providingoaportunity for the energy system to
adjust gradually. Although the general shape ofcdrdon price trajectory over time is
similar across the models, the carbon prices valbgtantially across the models. For
example, for the less stringent stabilization lsewelo of the modeling groups produced
scenarios with carbon prices of $10 or below penéoof carbon in 2020, with carbon
prices rising to roughly $100 per tonne in 202€hatmost stringent stabilization level.
The scenarios from the third modeling group shoghér initial carbon prices in 2020,
ranging from around $20 for the least stringenitization level to over $250 for the
most stringent stabilization level.

Table ES.3: Carbon Prices at Various Points in Timdor the Stabilization Scenarios

2020 ($/tonne C) 2030 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $18 $1 $1 $26 $2 $2
Level 3 $30 $2 $4 $44 $4 $7
Level 2 $75 $8 $15 $112 $13 $26
Level 1 $259 $110 $93 $384 $191 $170
2050 ($/tonne C) 2100 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $58 $6 $5 $415 $67 $54
Level 3 $97 $11 $19 $686 $127 $221
Level 2 $245 $36 $69 $1,743 $466 $420
Level 1 $842 $574 $466 $6,053 $609 $635

These differences in carbon prices, along with rothedel features, lead to similar
variation in the costs of stabilization. At the rssingent stabilization level, for
example, for example, gross world product (aggregatountry figures using market
exchange rates) is reduced in 2050 from aroundnlé#tei scenarios from two of the
modeling groups to approximately 5% in the scenfam the third, and in 2100 from
less than 2% in two of the scenarios to over 16%eérthird.
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The variation in carbon prices and reductions osgworld product is attributable to
many factors, but two are most prominent. First,amount that COemissions must be
reduced to achieve stabilization differs amongntioelels (Table ES.4), because of
differing assumptions regarding economic growth attetr factors that determine
emissions in the reference scenarios; levels of @ake by the oceans and terrestrial
biosphere; and availability of control for non-£GHGs.

Second, the modeling groups chose different assangptegarding the technologies
available for emissions reductions, particularlyhie second half of the century. Most
prominent are differences in assumptions abounigolgies to shift final energy demand
to low-CQ, sources such as biofuels, low-carbon electriaitigyalrogen, in
transportation, industrial and buildings end u3é= differences in technological
assumptions among the modeling groups is refldtiedelationship between carbon
prices and percentage abatement (Figure ES.18)madf marginal abatement cost
curve, for the three models in 2050 and 2100. Teearios exhibit very similar behavior
to mid-century, but different assumptions aboubtetogical options lead to divergence
by 2100.

Table ES.4. Cumulative Emissions Reductions from thReference Scenarios across
Models in the Stabilization Scenarios (GtC throug2100)

IGSM MERGE MiniCAM
Level 4 472 112 97
Level 3 674 258 267
Level 2 932 520 541
Level 1 1172 899 934

Figure ES.13. Relationship Between Carbon PriceRerdentage Abatement in
2050 and 2100

In all of the scenarios, emissions reductions @cteic power sector come at relatively
lower prices than in other sectors (e.g. buildimggustry, and transport) so that the
electricity sector is essentially decarbonizecdim inost stringent scenarios from all three
modeling groups (Figure ES.14). At somewhat higiost other sectors can respond to
rising carbon prices by reducing demands for fdssils, applying CCS technologies
where possible, and substituting non-emitting epsayrces such as bioenergy, low-
carbon electricity, and hydrogen. All of the scémmincrease the amount of electricity
used per unit of total primary energy (Figure E$.bbt those scenarios with the highest
relative use of electricity tend to exhibit lowéalsilization costs in part because of the
larger role of decarbonized power generation. Aggions regarding costs and
performance of technologies to facilitate thesaistijents, particularly in the post-2050
period, play an important role in determining sliabtion costs.

Figure ES.14. Percentage of World Electricity froaw-or Zero-Emissions
Technologies
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Figure ES.15. Ratio of Global Electricity Productim Primary Energy
Consumption

The assumption afhenflexibility links elements of a scenario througimé. This in turn
means that in addition to near-term technologylaldity, differences in assumptions
about technology in the post-2050 period are afleated in near-term emissions
reductions and GHG prices.

As noted earlier, the overall cost levels are stgoninfluenced by the idealized
policy scenario that has all countries participarfrom the start, the assumption of
where flexibility, an efficient pattern of emissi&reductions over time, and
integrated reductions in emissions of the differeBiHGs. Assumptions in which
policies are implemented in a less efficient manmneould lead to higher cost. Thus,
these scenarios should not be interpreted as apmhbeyond the particular
conditions assumed.

Constraints on GHG emissions also affect fuel gri€enerally, the producer price for
fossil fuels falls as demand for them is depre$setihe stabilization measures. Users of
fossil fuels, on the other hand, pay for the fuabga carbon price if the G@missions
were freely released to the atmosphere (Table EBl®yefore, consumer costs of energy
rise with more stringent stabilization levels iesle scenarios.

Table ES.5. Relationship Between a $100/tonne Canbdax and Fuel Prices(This
table does not include any adjustments in prodpiees due to changes in energy
demands under stabilization.

Base Cost Added Cost| Added Cost
Fuel ($2005) ($) (%)

Crude Oil ($/bbl) $60.0 $12.2 20%
Regular Gasoline ($/g4] $2.39 $0.26 11%
Heating Oil ($/gal) $2.34 $0.29 12%
Wellhead Natural Gas ($/tc $10.17 $1.49 15%
Residential Natural Gas ($/to $15.30 $1.50 10%
Utility Coal ($/short ton) $32.6 $55.3 170%
Electricity (c/kwWh) $9.6 $1.76 18%

Source: Bradley et al. 1991, updated with U.Sraye prices for the™4quarter of 2005
as reported in DOE, 2006

Non-CQ, gases play an important role in shaping the degfrebange in the energy
system. Scenarios that assume relatively bettéonpeance of technologies for reducing
non-CQ emissions allow a given radiative forcing limitlie met with greater forcing
from CQ, and, all other things being equal, less extendanges to the energy system.
Differences in the gas concentrations among theethrodels reflect differences in
assumed mitigation opportunities for non-Z&EHGs relative to C@ For example, lower
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CH, and NO emissions exhibited in the scenarios from ond®imodeling groups
reflects a greater market penetration of techne®that reduce CHand NO emissions
with positive profits even in the reference scemaaind significant abatement in the
stabilization scenarios. With lower levels of £&hd NO than is the case in the
scenarios from the other two modeling groups, hidgnels of CQ are still consistent
with the overall radiative forcing levels (Figur&EL4).

Figure ES.16. Total Radiative Forcing in 2100 Asr8senarios (Wm-2 relative
to preindustrial)

Achieving stabilization of atmospheric GHGs poseasilastantial technological and
policy challenge. It would require important tramshations of the global energy system.
The cost and feasibility of such a goal dependtherevolution of technology and its
ability to overcome existing limits and barriersaioption, and it depends on the
efficiency and effectiveness of the policy instrumtseemployed to achieve stabilization.
These scenarios provide a means to gain insightle challenge of stabilization and the
implications of technology.

ES.6. Using the Scenarios and Future Work

The scenarios in this report are intended as omeamfy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it. They are also
intended to serve as a point of departure for &ir@CSP and other analyses that might
inform these discussions in the future. A rangsumh analyses are possible. For
example, they could be applied as the basis fasagyy the climate implications of
alternative stabilization levels. They might alsoused in studies exploring possible
technology cost and performance goals, using inftion from the scenarios on energy
prices and technology deployment levels. SimilaHg, scenarios might inform analyses
of the non-climate environmental implications oplementing potential new energy
sources at a large scale. Another possibilityas$ the scenarios could serve as an input to
a more complete analysis of the welfare effectstalbilizing at the different radiative
forcing levels, such as indicators of consumer ichpathe U.S. (The reader is reminded,
however, that these effects do not include thefiisrtbat alternative stabilization levels
might yield in reduced climate change risk or daojl effects, such as effects on air
pollution). The scenarios could also be compared against pdgtiture scenarios
analyses.

The scenarios in this report represent but oneistagong process of research and
assessment, and the scenarios and their underhodgls will benefit from further work.
The review process has identified at least fivéed#nt areas that hold the promise of
potentially fruitful research: (1) technology seiv#y analysis, (2) consideration of non-
idealized policy architectures, (3) expansion androvement of the land use and
terrestrial carbon cycle linkages to the energyeswhomic model components, (4)
inclusion of other radiatively-important substansash as emissions affecting
tropospheric ozone and aerosols, and (5) decisakifg under uncertainty. These needs
for additional research and analysis are elaborat€hapter 5.
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Figure ES.1. Global Primary Energy Consumption (EJyr). Global primary energy consumption rises in all éhreference scenarios,

from about 400 EJ/yr in 2000 to between roughly5LEd/yr and 1500 EJ/yr in 2100. There is a graceduction in the dependence on
conventional oil resources. However, a range efiadttive fossil-based resources, such as syntiuels from coal and unconventional oll
resources (e.g., tar sands and oil shales) artableand become economically viable. Fossil fpetsided almost 90% of the global energy
supply in the year 2000, and they remain the dontiaaergy source in the three reference scendmoadghout the twenty-first century,
supplying 70% to 80% of total primary energy in @1Non-fossil fuel energy use grows over the cgnituall three reference scenarios. The
range of contributions in 2100 is from 250 EJ/yd&® EJ/yr— between roughly ¥2 and 1% times globatgy consumption today.
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Figure ES.2. U.S. Primary Energy Consumption (EJ/yy. U.S. primary energy production rises in all threference scenarios. Growth is
in the range of 1% to 2¥% times present levels B02This growth occurs despite continued improvementhe efficiency of energy use
and production. U.S. energy intensity declines 80%5% between 2000 and 2100.
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Figure ES.3. Global Electricity Production (EJ/yr). Global electricity production grows to over foungs production in 2000 in all the
reference scenarios. Global electricity productibaws continued reliance on coal, although thigrdmution varies among the reference
scenarios. The contribution of renewable energyraradear energy varies considerably in the differeference scenarios, depending on
resource availability, technology, and non-climaddéicy considerations. For example, global nuctgareration in the reference scenarios
ranges from about 1% times current levels (if nlomate concerns such as safety, waste, and pratiéer constrain its growth as is the case
in one reference scenario), to an expansion of stliaao order of magnitude assuming relative ecorasdhe only constraint.
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Figure ES.4. U.S. Electricity Production (EJ/yr).Continued dependence on coal for electricity gdiwaras a feature of the reference
scenario, with the degree of dependence varyinghgracenarios. Differences in nuclear power retssumptions about the degree to
which issues of safety, waste, and proliferationst@in its growth.
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Figure ES.5. Global Emissions of C@from Fossil Fuels and Industrial Sources [CQfrom land-use change excluded] Across
Reference Scenarios (GTC/yr)Global emissions of C£from fossil fuel combustion and other industrialisces, mainly cement
production, increase over the century in all threference scenarios. By 2100 emissions reach 2Z5/(xo 24 GtC/yr. Note that GArom

land-use change is excluded from this figure.
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Figure ES.6. Global Emissions of Fossil Fuel and tlustrial CO, by Annex | and Non-Annex | Countries Across Refenece Scenarios
(GtClyr). Emissions of fossil fuel and industrial €@ the reference scenarios show Non-Annex | emssexceeding Annex | emissions
for in all three reference scenarios by 2030 oliexaiTwo reference scenarios show continued redat@pid growth in emissions in Non-
Annex | regions after that such that their emissiare on the order of twice the level of Annex 4¥0. The third does not show continued
divergence, due in part to relatively slower ecommognowth in Non Annex | regions; faster growthAnnex |; and increased emissions in
Annex | as they become producers and exportersabé ®il, tar sands, and synthetic fuels from coal.
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Figure ES.7. Radiative Forcing by Gas Across Refenee Scenarios (Wrif). The contribution of different GHGs to increasediatide
forcing through 2100 show GQ@ccounting for 75% to 80% of the increased forémg preindustrial for all 3 models. The totaliease
ranges from about 6.4 Whto 8.6 Wn¥ above preindustrial levels.
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Figure ES.8. Global Primary Energy by Fuel Across &narios (EJ/yr): The global energy system undergoes a significansformation

in the stabilization scenarios from all three madghroups. This transformation begins earlierrti@e stringent the stabilization level, and
would continue into the next century for all steation levels. The transformation includes reducin energy use, increased use of carbon-
free sources of energy (biomass, other renewadahesnuclear), and addition of carbon capture agdesdration. The contribution of each of

these varies among the models reflecting diffeasstimptions about cost and performance, policyresalrce limits.
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Figure ES.9. U.S. Primary Energy by Fuel Across Searios (EJ/yr): The U.S. energy system undergoes a significansfioamation in

the stabilization scenarios similar to the transfation in the global energy system. One differeno¢ obvious in this figure, is the
transformation from conventional oil and gas totkgtic fuel production derived from shale oil oatdne model (IGSM) includes heavy
use of shale oil in the reference with some cosifigation, whereas another (MERGE) includes pritpaynthetic liquid and gaseous fuels
derived from coal.
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Figure ES.10: Carbon emissions (GtC/yr) in the Refrence and Stabilization Scenarioslhe tighter the constraint on the stabilization
level, the faster the rate at which carbon emissionst decline from the baseline. This is becausatabilization level defines a long-term
carbon budget, that is, the remaining amount diaathat can be emitted in the future. The gradafiection of the emissions from the
reference reflects the assumptiomdifenflexibility, with carbon prices rising graduallyh&€ most stringent scenarios require global
emissions to begin to fall absolutely from the tstéithe policy, whereas the other scenarios aflavsome further increase.
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Figure ES.11. Global Electricity by Fuel across Scarios (EJ/yr): Various electricity technology options could be gatitive in the
future, and different assumptions regarding theative economic viability, reliability, and resaeravailability lead to considerably
different scenarios of the global electricity sectoreference and stabilization scenarios acrasdeating groups. One reference scenario
includes relatively little change in the electryc#ector in the reference scenario, with contimaeéidnce on coal. The other two reference
scenarios include large transformations from tles@nt. In all scenarios, large changes from reéerare required to stabilize radiative
forcing at the levels considered in this resealrclall of the stabilization scenarios, the relapreportion of electricity in energy
consumption increases, so the reductions in et@gtproduction are not as large as for primaryrgne
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Figure ES.12. U.S. Electricity by Fuel across Scenas (EJ/yr): U.S. electricity generation sources and technotogid need to be
substantially transformed to meet the four radeforcing stabilization levels. Carbon capture aaequestration figure in all three models
under stabilization scenarios, but the contribubbother sources and technologies and the totalaitof electricity used differ substantially.
In all of the stabilization scenarios, the relapreportion of electricity in energy consumptiogreases, so the reductions in electricity
production are not as large as for primary endrggne scenario (MiniCAM Level 1), electricity proction in the U.S. increases under
stabilization.
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Figure ES.13. Relationship Between Carbon Price anélercentage Abatement in 2050 and 2100fhe relationship between carbon price
and percentage abatement is very similar amonmtaels in 2050. In 2100, the relationship betwesban price and abatement diverges
across the models, due in large part to differsatimptions regarding the technologies availabfadititate emissions reductions late in the
century. (Note that C£emissions vary across the reference scenariostfrerthree modeling groups, so that similar peeggteductions, as
shown in this figure, imply differing levels of stemissions reduction.)
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Figure ES.14. Percentage of World Electricity fromLow-or Zero-Emissions TechnologiesAll three modeling groups assumed sufficient
technological options to allow for substantiallgueed carbon emissions from electric power prodactDptions include fossil power plants
with CCS, nuclear power, and renewable energy aadtydroelectric power, wind power, and solar powethe Level 1 Scenarios, the
electricity sector is almost fully decarbonizedtbg end of the century in all of the models.

IGSM MERGE MiniCAM
Percentage of Non-emitting Electric Power Percentage of Non-emitting Electric Power Percentage of Non-emitting Electric Power
Generation Generation Generation
100% - _ 100% - 100%

IGSM Level 1 MERGE Level 1

MiniCAM Level 1 =
90% - IGSM Level 2 o 90% - MERGE Level 3 — 90% -+ —=— MiniCAM Level 2
—*— MiniCAM Level 3
80% | —%— IGSM Level 3 80% | —*— MERGE Level 2 80% | —e— MIniCAM Level 4
IGSM Level 4 M MERGE Level 4 === \iniCAM Reference

60% )K/

60% A

. 60% " .
é 50% - / / g s0% é 50% /‘ J/
0% S so% 4 & 40% {——

30% w 30% | 30%

20% 20% 20%

10% - 10% A 10%

0% T T T T T T T T T 0% T T T T T T T T T 0% T T T T T T T T T
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year Year Year

ES-37



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure ES.15. Ratio of Global Electricity Production to Primary Energy Consumption. Efforts to constrain C®emissions result in
increased use of electricity as a fraction of tptahary energy in all three of the models. Thibésause all three modeling groups assumed
lower cost technology options for reductions in €mans from electricity production than for suhgtdn of fossil fuels in direct uses such as
transportation. The MERGE and MiniCAM scenarioseagatly include greater electrification than the NBScenarios, with MiniCAM

having the highest proportion of electricity torpary energy. Greater opportunities to electrifyuegthe economic impacts of stabilization.
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Figure ES.16. Total Radiative Forcing in 2100 Acrss Scenarios (Wrif relative to preindustrial): CQ; is the main contributor to radiative
forcing in the year 2100. The opportunities to @aontrol emissions from non-GGHGs influence the C{emissions reductions required
to meet a given radiative forcing stabilizationdke\At any stabilization level, scenarios with laveentributions to radiative forcing from non-

CO, GHGs allow for greater radiative forcing from €O
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1.1. Introduction

The Strategic Plan for the U.S. Climate Change Scidtragiram(CCSP 2003) calls for
the preparation of 21 synthesis and assessmenigsodNoting that “sound,
comprehensive emissions scenarios are essentibiigparative analysis of how climate
might change in the future, as well as for analggenitigation and adaptation options,”
the Plan includes Product 23¢enarios of Greenhouse Gas Emissions and Atmaspher
Concentrations and Review of Integrated Scenarieelment and Applicatioi his
report presents the scenarios created in the soes@relopment component of Product
2.1; the review of scenario methods is the sulgtatseparate report. The guidelines for
the development of these scenarios are set fottieilRinal Prospectus for Synthesis and
Assessment Product ZCCSP 2005). Consistent with the Prospectus anddture of

the climate change issue, these scenarios werdéopedeusing long-term models of
global energy-agriculture-land-use-economy systeoupled to models of global
atmospheric composition and radiation.

This report discusses the overall design of scesd@hapter 1); describes the key
features of the participating models (Chapter Bspnts and compares the newly
prepared scenarios (Chapters 3 and 4); and discasserging insights from these new
scenarios, the uses and limitations of the scesaaind avenues for further research
(Chapter 5). Scenario details are available inparsge data archive.

The scenarios in this report are intended as omeamiy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it, and they may
also serve as a point of departure for further @arChange Science Program (CCSP)
and other analyses that might inform these disonssn the future. The possible users of
these scenarios are many and diverse. They includate modelers and the science
community; those involved in national public polimymulation; managers of Federal
research programs; state and local governmeniaiffie’ho face decisions that might be
affected by climate change and mitigation measumed;individual firms, farms, and

! This data archive will be made available upon jwaltion of the final draft of this report.
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members of the public. Such a varied clientele iesphn equally diverse set of possible
needs, and no single scenario research produdtaganto fully satisfy all of these needs.
The Prospectus for this Product highlighted thratigular areas in which the scenarios
might provide valuable insights:

1. Emissions TrajectoriedVhat emissions trajectories over time are coestswith
meeting the four stabilization levels, and whattaeekey factors that shape them?

2. Energy System§Vhat energy system characteristics are consiatiéimeach of the
four alternative stabilization levels, and how Heyt differ from one another?

3. Economic ImplicationsWhat are the possible economic consequencesetinge
each of the four alternative stabilization levels?

It should be emphasized that there are issuesnoéid change decision making that
these scenarios do not address. For example, teeyvot designed for use in exploring
the role of aerosols in climate change. Also, tlaek the regional detail that may be
desired for many aspects of local or regional decisnaking./n addition, the scenarios
in this report do not constitute a cost-benefit dpais of climate policy. They focus
exclusively on the issues associated with reduamgissions to meet various
stabilization levels, they do not consider the dapea avoided through stabilization
or ancillary benefits that could be realized by egions reductions, such as
reductions in local air pollution reduction. Thusalthough the scenarios should
serve as a useful input to climate-related decisiaking, they address only one of
the several components of a benefit-cost analy$islimate policy.

Three analytical models, all meeting the critegtiferth in the Prospectus, were used in
preparing the new scenarios. As also directedarPttospectus, fifteen scenarios are
presented in this document, five from each of tite¢ modeling groups. First, each
group produced a uniqgue reference scenario basdtea@ssumption that no climate
policy would be implemented either nationally oolzdlly beyond the current set of
policies in place (e.g., the Kyoto Protocol and Biresident’s greenhouse gas emissions
intensity target for the U.S.). These referenc@aides were developed independently by
the modeling groups, so they provide three separsitens of how the future might

unfold across the globe over the'2entury without additional climate policiés.

Each group then produced four additional stabilrascenarios, which are departures
from each group’s reference scenario. The Prospagtecified that stabilization levels,
common across the groups, be defined in termseofaal long-term radiative impact of
the suite of greenhouse gases (GHGS) that inclcald®n dioxide (Cg), nitrous oxide
(N20O), methane (Ch), hydrofluorocarbons (HFCs), perfluorocarbons (Bf;@nd sulfur
hexafluoride (SE). This radiative impact is expressed in termsadiative forcing, which

2 Although there are many reasons to expect thahtiee reference scenarios would be differens, it i
worth noting that the modeling groups met perioltijcduring the development of the scenarios toeewi
progress and to exchange information. Thus, wiikeadhering to any formal protocol of standardorat
the three reference scenarios are not entirelypieagent.
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is a measure of the additional heat trapped irathmsphere by these six GHGs relative
to preindustrial levels.

Although stabilization is defined in terms of radia forcing, the stabilization levels
were constructed so that the resulting;@@ncentrations, after accounting for radiative
forcing from the non-C®GHGs, would be roughly 450 ppmv, 550 ppmv, 650 yppand
750 ppmv. The radiative forcing limits therefore &igher than the forcing from GO
alone at these concentrations. Based on this egeint, the four stabilization levels
were chosen as 3.4 WnfLevel 1), 4.7 Wit (Level 2), 5.8 Wit (Level 3), and 6.7
Wm? (Level 4). In comparison, radiative forcing refatito preindustrial levels for this
suite of gases stood at roughly 2.2 Win 2000. Details of these stabilization
assumptions are elaborated in Section 1.3 and €hépt

The production of emissions scenarios consistetfi these stabilization goals required
analysis beyond the study of the emissions therasddecause of physical, chemical, and
biological feedbacks within the Earth system. Sdesdocused only on emissions of
GHGs and other substances generated by humantya€aimthropogenic sources) can

rely exclusively on energy-agriculture-economic misdhat represent human activity
and the emissions that result. However, relatinggions paths to concentrations of
GHGs in the atmosphere requires models that acdéouhbth anthropogenic and natural
sources as well as the sinks for these substances.

Models that attempt to capture these complex intenas and feedbacks must, because
of computational limits, use simplified represeiutas of individual components of the
Earth system. These simplified representationsygieally designed to mimic the
behavior of more complex models but cannot reptesenf the elements of these
systems. Thus, while the scenario research undertadére uses models that represent
both the anthropogenic sources (the global enerdystrial-agricultural economy) and
the Earth system processes (ocean, atmosphereeragstrial systems), it is not intended
to supplant detailed analysis of these systemgusihscale, state-of-the-art models and
analytic techniques. Rather, these scenarios pgavicbmmon point of departure for
more complex analyses of individual componenthefiarth system as it is affected by
human activity. These might include detailed staadiesub-components of the energy
sector, regional scenarios of climate change usirege-dimensional general circulation
models (GCMs) and further downscaling techniqued,assessment of the implications
of climate change under various stabilization gé@al€conomic activity and natural
ecosystems.

The remainder of this chapter is organized inta f®ctions. Section 1.2 provides an
overview of scientific aspects of the climate isaséackground for interpretation of
these scenarios. Section 1.3 then presents tharcesgesign with a focus on the
characteristics of the stabilization scenariosdanvestigated in Chapter 4. Section 1.4
briefly discusses how scenarios of this type haenlused to examine the climate
change issue and the intended uses and limitseafdiv scenarios, focusing on
interpretation of these scenarios under conditainsacertainty. Section 1.5 provides a
guide to the structure of the remaining chaptetstha associated data archive.
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1.2. Background: Human Activities, Emissions, Concdmations, and Climate
Change

Materials that influence the Earth’s radiation bakacome in various forms, and most
have natural as well as anthropogenic sources. Soengases which remain in the
atmosphere from days to millennia, trapping hebeylare known as GHGs because,
while transparent to incoming short-wave radiafiive visible spectrum that people
commonly perceive as light), they capture and cetback to Earth long-wave radiation,
thus increasing the temperature of the lower atimexsp These naturally occurring
GHGs, plus clouds and water vapor (the most impo@&HG of all), are responsible for
creating a habitable climate on Earth. Without thdra average temperature at the
Earth’s surface would be colder than it is todayduyghly 55°F (31°C).

GHGs are not the only influences on the Earth’'satacg balance. Other gases such as
oxides of nitrogen (NQ have no direct greenhouse effect, but they amgpoments of

the atmospheric chemistry that determine the iifetof some of the heat-trapping GHGs
and are involved in the reactions that produceaspperic ozone, another GHG.
Aerosols (non-aqueous particles suspended in ay)mave positive or negative effects,
depending on their relative brightness. Some ptesarhite surface and reflect the sun’s
energy back to space; others are black and abstabenergy, adding to the solar
warming of the atmosphere. Aerosols also have dineict effect on climate in that they
influence the density and lifetime of clouds, whidve a strong influence on the
radiation balance and on precipitation. Humans al®w the land surface, changing its
reflective properties, and these changes can Hamate consequences with effects most
pronounced at a local scale (e.g., urban heatds)aand regional levels (e.g., large-scale
changes in forest cover). In addition, the climtgelf has positive and negative
feedbacks, such as the decrease in global albatievtuld result from melting land and
sea ice or the potential release of GHGs, suchHadiGm wetlands.

Climate policy concerns are driven by the fact #ratssions from human activities
(mainly combustion of fuels and biomass, industilvities, and agriculture) are
increasing the atmospheric concentrations of teabstances. Climate policy discussions
have focused heavily on GOCH,, N>O, and a set of fluorine-containing industrial
chemicals — SFand two families of substances that do not exastinally, hydrogenated
halocarbons (including hydrochlorofluorocarbons i3] and HFC$S)and PFCs. Some
of these substances remain in the atmosphere éadds (Chand most HFCs), others

for about 100 years (Cnd NO), and some for thousands of years (PFCs agd SF

Other naturally occurring substances whose levale lalso been greatly enhanced by
human activities remain in the atmosphere for dayaonths. With such short lifetimes,
they are not well mixed in the atmosphere, so thiéacts have a regional pattern as well
as global consequences. These substances inclia$®laesuch as black carbon and
other particulate matter; sulfur dioxide, whictlthe main precursor of the reflecting
aerosols; and other gases such as volatile orgamg@ounds, nitrogen dioxide, other

% For simplicity, all hydrogenated halocarbons Wi referred to as HFCs in the subsequent text. The
greenhouse gas methyl chloroform is often alsoggdwalong with HFCs and HCFCs.
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oxides of nitrogen, and carbon monoxide. All arpamant components of atmospheric
chemistry.

This suite of substances with different radiatiegégmcy and different lifetimes in the
atmosphere presents a challenge in defining whaeent byatmospheric stabilizatian
Specification in terms of quantities of the gasesriselves is problematic because there
is no simple way to add them together in their rdtunits, such as tonnes or ppmv.
Thus, a meaningful metric is needed to combineetfexts of different GHGs.

One approach is to define stabilization in termsarhe ultimate climate measure, such
as the change in the global average temperatue dénwback of such measures is that
they interject large uncertainties into the consitlen of stabilization because the
ultimate climate system response to added GHGsadsrtain. Climate models involve
complex and uncertain interactions and feedbacks) as increasing levels of water
vapor, changes in reflective polar ice, cloud défexf aerosols, and changes in ocean
circulation that determine the ocean’s uptake of @l heat.

For the design of these scenarios, the Prospealiesi dor an intermediate, less uncertain
measure of climate effect: the direct heat-trapmimgact of a change in the
concentrations of the six categories of GHGs ligiadier. It is constructed to represent
the change in the net balance of the Earth witlstime(energy in versus energy out) in
Wm? of the Earth’s shell. Generally referred to adatie forcing (see Box 1.1), a
positive value means a warming influence. This mesas widely used to compare the
climate effects of different substances, althouafleudation of the net forcing of a group
of gases, where there may be chemical interactiwong them or saturation of the
infrared spectrum, requires specialized modelgrabapheric chemistry and radiation.

--- BOX 1.1: RADIATIVE FORCING ---

Most of the Sun’s energy that reaches the Eambssrbed by the oceans and land
masses and radiated back into the atmosphere fortineof heat or infrared radiation.
Some of this infrared energy is absorbed and rexted back to the Earth by atmospheric
gases, including water vapor, g@nd other substances. As concentrations of GHGs
increase, the warming effect is augmented. ThedNatiResearch Council (NRC 2005)
defines direct radiative forcing as an effect om ¢hmate system that directly affects the
radiative budget of the Earth’s climate, which nnesult from a change in concentration
of radiatively active gases, a change in solaratazh reaching the Earth, or changes in
surface albedo. The increase is called radiatixarfg and is typically measured in Wm
2. Increases in radiative forcing influence gloteahperature by indirect effects and by
feedback from a variety of processes, most of whrehsubject to considerable
uncertainty. Together, they affect, for example, level of water vapor, the most
important of the GHGs.

---END BOX 1.1 ---

Figure 1.1 shows estimates of how increases in Gld&ssols, and other changes have
influenced radiative forcing since 1850. The GHGsidered in these scenarios are
collected in the left-most bar and together theyeh@ad the biggest effect, with @O
being the largest of this group. Increased tropesplozone has also had a substantial
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warming effect. The reduction in stratospheric azbas had a slight cooling effect.
Changes in aerosols have had both warming andngpeffects. Aerosol effects are
highly uncertain because they depend on the nafutes particles; how the particles are
distributed in the atmosphere; and the concentratid the particles, which are not as
well understood as the GHGs. Land-use change amdféct on the reflectivity of the
Earth’s surface, jet contrails and changes in téglel (cirrus) clouds, and the natural
change in intensity of the sun have also had effect

Figure 1.1:  Estimated Influences of Atmospheris€on Radiative Forcing,
1850-present

Another important aspect of the climate effectthese substances, not captured in the
Wm? measure, is the persistence of their influencthenmadiative balance—a
characteristic discussed in Box 1.2. The Wmeasure of radiative forcing accounts for
only the effect of a concentration in the atmosplatra particular instant. The GHGs
considered here have influences that may last &a®ecade or two (e.g., the influence of
CHy) to millennia, as noted eatrlier.

--- BOX 1.2: ATMOSPHERIC LIFETIMES OF GREENHOUSE GA SES ---

The atmospheric lifetime concept is more approeriat CH,, N,O, HFCs, PFCs, and

Sk than it is for CQ. These non-C@gases are destroyed via chemical processes after
some time in the atmosphere. In contrast, @@onstantly cycled between pools in the
atmosphere, the surface layer of the ocean, anetataon, so it is (for the most part) not
destroyed. Very slow processes lead to some renobwarbon from oceans, vegetation,
and the atmosphere as calcium carbonate. Also,longrgeological periods, carbon

from vegetation is stored as fossil fuels, which germanent removal process as long as
the fossil fuels are not burned to produce energy.

Although the lifetime concept is not strictly apprate for CQ (see Box 2.2 in Chapter
2), the molecules in a kilogram of emissions cathioeight of as residing in the
atmosphere, exercising their radiative effectaimund 100 years. This approximation
allows a rough comparison with the other gases; &H?2 years, pD at 114 years, and
Sk at 3200 years. HFCs are a family of gases witkingrlifetimes from less than a
year to over 200 years; those predominantly inngse have lifetimes mostly in the
range of 10 to 50 years. Similarly, the PFCs hareous lifetimes, ranging from 2,600 to
50,000 years.

The lifetimes are not constant, as they dependrtesdegree on other Earth system
processes. The lifetime of Glis the most affected by the levels of other paliis in the
atmosphere.

- END BOX 1.2 ---

An important difference between GHGs and most efdther substances in Figure 1.1 is
their long lifetime. In contrast to GHGs, aeros@main in the atmosphere only for a few
days to a couple of weeks. Once an aerosol emissiarte is eliminated, its effect on
radiative forcing disappears very quickly. Troposipt ozone lasts for a few months.
Moreover, relatively short-lived substances arewslt mixed in the atmosphere. Levels
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are very high near emissions sources and much liomaher parts of the world, so their
climate effect has a different spatial pattern ttieat of long-lived substances. The
regional differences and much shorter lifetimeaai-GHG substances make
comparisons among them more difficult than amondg3SHrI he radiative effects of these
substances also subject to more uncertainty, agrshoFigure 1.1.

1.3. Research Design

The broad elements of the research design for se=®arios are set forth in the
Prospectus, including (1) selection of models g{@flance to the modeling groups for
development of a reference scenario, and (3) gu&léor the development of
stabilization scenarios.

1.3.1. Model Selection

The Prospectus sets forth the model capabilitigsired to carry out the desired
stabilization analyses. As stated in the Prospepiusicipating models must:

1. Be global in scale

2. Be capable of producing global emissions totalsdt a minimum, C& N,O, CH,,
HFCs, PFCs, and $Fhat may serve as inputs to global GCMs, suchadational
Center for Atmospheric Research (NCAR) Communityn@te System Model and
the Geophysical Fluid Dynamics Laboratory climaiedel

3. Be capable of simulating the radiative forcingnfirCQ, N.O, CH,;, HFCs, PFCs, and
Sk

4. Represent multiple regions

5. Have technological resolution capable of distialging among major sources of
primary energy (e.g., renewable energy, nuclearggnéiomass, oil, coal, and
natural gas) as well as between fossil fuel teatgies with and without C{capture
and storage (CCS) systems

6. Be economics based and capable of simulatingoeacnomic cost implications of
stabilization

7. Look forward to the end of the century or beyond.

In addition, the Prospectus required that the modeajroups have a track record of
publications in professional, refereed journalgcsically in the use of their models for
the analysis of long-term GHG emission scenarios.

Selection by these criteria led to the three modsésl in this research: (1) The Integrated
Global Systems Model (IGSM) of the Massachusetstliie of Technology’s Joint
Program on the Science and Policy of Global Cha(®)eahe MiniCAM Model of the

Joint Global Change Research Institute, whichparénership between the Pacific
Northwest National Laboratory and the UniversityMdryland; and (3) the Model for
Evaluating the Regional and Global Effects [of gite@use gas reduction policies]
(MERGE), developed jointly at Stanford Universitydathe Electric Power Research
Institute.
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Each of these models has been used extensivetyifwate change analysis. The roots of
each extend back more than a decade, during winighféatures and details have been
added. Analyses using each have appeared widelganrreviewed publications. The
features of the models are described in Chapteti2references to the publications and
reports that provide complete documentation.

These models fall into a class that has come tmbe/n as Integrated Assessment
Models (IAMs). There are many ways to define IAM&ldo characterize the motivations
for developing them (IPCC 1996). A particularly eppriate definition of their primary
purposes, provided by Parson and Fisher-Vandervj189‘evaluating potential
responses to climate change, structuring knowledglecharacterizing uncertainty,
contributing to broad comparative risk assessmanis contributing to scientific
research.”

1.3.2. Development of Reference Scenarios

As required by the Prospectus, each participatindeting group first produced a
reference scenario that assumes no policies spabfintended to address climate
change beyond the implementation of any existidgies to their end of their
commitment periods, including the Kyoto Protocaodl @ine policy of the U.S. to reduce
greenhouse gas emissions intensity by 18% by Zodr2purposes of the reference
scenario (and for each of the stabilization scesarit was assumed that these policies
are successfully implemented through 2012 and goats are achieved. (This
assumption could only be approximated within thalei® because their time steps did
not coincide exactly with the period from 2002 @12. However, such approximation is
a minor consideration as slight differences in sioiss for a few years will have little
impact on long term concentrations.) As directgdhe Prospectus, after 2012, these
existing climate policies expire and are not rendwereplaced. This is not a prediction
or a best-judgment forecast but a scenario desigmprbvide a clearly defined point of
departure for illuminating the implications of ahiative stabilization goals. The paths
toward stabilization are implemented to start a2@t2 as discussed further in the
following section. The reference scenarios andrapsions underlying them are detailed
in Chapter 3.

The reference scenarios serve two main purposess, fiiey provide insight into how the
world might evolve without additional efforts tortgirain GHG emissions, given various
assumptions about principal drivers of the econagngrgy use, and emissions. These
assumptions include those concerning populatiorease, land and labor productivity
growth, technological options, and resource endows& hese forces govern the supply
and demand for energy, industrial goods, and algmi@l products—the production and
consumption activities that lead to GHG emissidiee reference scenarios are a thought
experiment in that they assume that even as emssgigrease and climate changes
nothing is done to reduce emissions. The speatfiels of GHG emissions and
concentrations are not predetermined but resutt tite combination of assumptions
made.

1-8



OCoO~NOOUIDEWNPE

CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Second, the reference scenarios serve as poidepafture for analysis of the changes
by stabilization, and the underlying assumptiongehalarge bearing on the
characteristics of the stabilization scenarios.&@mple, all other things being equal,
the lower the economic growth and the higher thalability and competitiveness of
low-carbon energy technologies in the referenceate, the lower will be the GHG
emissions and the easier it will be to reach staiibn. On the other hand, if a reference
scenario assumes that fossil fuels are abundashfoasil fuel technologies will become
cheaper over time while low- or zero-carbon altéwes remain expensive, the scenario
will show consumers having little reason to coneendopt more efficient energy
equipment, or switch to non-fossil sources. Undehsa reference scenario, emissions
will grow rapidly, and stronger economic incentivedl be required to achieve
stabilization.

Finally, the Prospectus specified that the modedirmgips develop their reference
scenarios independent)yapplying “plausible” and “meaningful” assumptidios key
drivers. Similarities and differences among tHemence scenarios are useful in
illustrating the uncertainty inherent in long-ruadtment of the climate challenge. At the
same time, with only three participating modelg, thnge of scenario assumptions
produced does not span the full range of posseéslit

1.3.3. Development of the Stabilization Scenarios

Although the model groups were required to indepetigl develop their modeling
assumptions, the Prospectus required that a comsetaf four stabilization targets be
used across the participating models. Also, whemaash of the literature on atmospheric
stabilization focuses on concentrations of,@@ly, an important objective of this
research was to expand the range of coverageltalmother GHGs. Thus, the
Prospectus required that the stabilization leveldéfined in terms of the combined
effects of CQ, N,O, CH,, HFCs, PFCs, and &FThis suite of GHGs forms the basis for
the U.S. GHG-intensity-reduction policy, announbgdhe President on February 14,
2002; it is the same set subject to control unidetyoto Protocol. These gases are
included in the left-most bar of Figure 1.1. Thabdization targets specified in the
Prospectus explicitly omit the aerosol, ozone, lsmdace, and other effects shown in
Figure 1.1, which may be influenced by the meastaiesn to achieve the stabilization
goal. Table 1.1 shows the change in concentratiogls for these gases from 1750 to
2000. The left-most bar in Figure 1.1 shows radéforcing of roughly 2.4 Wih
compared with a sum of 2.1 Whin Table 1.1. The difference exists because Figuke
includes roughly 0.3 Wihof forcing from chlorofluorocarbons (CFCs) not iable 1.1.
CFCs, important in the historical data, are alrelaging phased out under the Montreal
Protocol because of their stratospheric ozone-tiagleroperties, so they are not
expected to be a significant source of additionateased forcing in the future. The
HFCs, which do not contribute to stratospheric @depletion, were developed as
substitutes for the CFCs, but are of concern becatitheir radiative properties. Table
1.2 shows the specific radiative forcing targetssem.

“ See footnote 2.
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Table 1.1. Greenhouse Gas Concentrations and fgorcin

Table 1.2. Radiative Forcing Stabilization Levééni?) and Corresponding
CO, Concentrations (ppmv)

As noted earlier, the Prospectus instructed treastabilization levels be constructed so
that the CQ concentrations resulting from stabilization ofdatadiative forcing, after
accounting for radiative forcing from the non-CGHGs, would be roughly 450 ppmv,
550 ppmv, 650 ppmyv, and 750 ppmv. This corresporeleras achieved by (1)
calculating the increased radiative forcing from;@Deach of these concentrations, (2)
adding to that amount the radiative forcing frora tton-CQ gases from 1750 to present,
and (3) adding an initial estimate of the changedhative forcing from the non-GO
GHGs under each of the stabilization levels. Eddh@models represents the emissions
and abatement opportunities of the non,@&ses somewhat differently and takes a
different approach to representation of the trafdesxinong them, so an exact
correspondence between overall radiative forcirdy@@y levels that would fit all three
models was not possible. The approximated radiddire@ng levels correspond closely to
CO, targets set out in the Prospectus for all thredetso

The Prospectus also specified that, beyond thesinghtation of any existing policies,
the stabilization scenarios should be based oreusa participation by the world’s
nations. This guidance was implemented by assumitignate regime with
simultaneous global participation in emissions gaition where the marginal costs of
emission controls are equalized across countridgegions. Under this assumption,
known aswhereflexibility, emissions will be reduced where itdeeapest to do so
regardless of their geographical location. One irtgr implication of this assumption is
that the stabilization scenarios produce estimaitegabilization costs that are
systematically lower than what might be expected world in which some major
countries remain out of an emissions mitigationmegfor an extended period of time,
some economies use more costly regulatory mechan@mnemissions mitigation
regimes within nations are incomplete either imeiof GHG or sectoral coverage. On
the other hand, possible ancillary benefits, tagrarction effects, or effects of carbon
policies on technical change were not assessedhwiisome cases can lower costs.
These issues are discussed in more detail in Ohépte

In addition, the Prospectus required that staltibnabe defined as long term. Because of
the inertia in the Earth system, largely attribleab the ocean, perturbations to the
climate and atmosphere have effects for thousahgsans. Economic models have little
credibility over such timeframes. The Prospectustdfore, instructed that the
participating modeling groups report scenario infation only up through 2100. Each
group then had to address how to relate the lev2100 to the long-term goal. The
chosen approaches were generally similar, but sathe differences in implementation.
This and other details of the stabilization scamdasign are addressed more completely
in Chapter 4.

1.4. Interpreting Scenarios: Uses, Limits, and Unceainty
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Emissions scenarios have proven to be useful aidaderstanding climate change, and
there is a long history of their use (see Box 1S8enarios are descriptions of future
conditions, often constructed by askingat if questions, such as what if events were to
unfold in a particular way? Informal scenario asa is part of almost all decision
making. For example, families making decisions altmoy purchases, such as a car or a
house, might plausibly construct a scenario in titicanges in employment forces them
to move. Scenarios addressing major public-polisgstions perform the same purpose,
helping decision makers and the public to undedstha consequences of actions today
in the light of plausible future developments.

--- BOX 1.3: EMISSIONS SCENARIOS AND CLIMATE CHANGE ---

Emissions scenarios that describe future econoroiety and energy use have been
important tools for understanding the long-termssguences of climate change. They
were used in assessments by the U.S. National AvadéSciences in 1983 and by the
Department of Energy in 1985 (NAS 1983, US DOE 1)9B%evious emissions scenarios
have evolved from simple projections that extrapmlaa 1% per year increase in £0
emissions to scenarios that incorporate assumpdibbost population, economic growth,
energy supply, and controls on GHG emissions andsdEeggett et al. 1992, Pepper et
al. 1992). They played an important role in theorépof the Intergovernmental Panel on
Climate Change (IPCC 1991, IPCC 1992, IPCC 199%6¢. [PCCSpecial Report on
Emissions ScenaridSRES) (Nakicenovic et al. 2000) was the mostnenejor effort
undertaken by the IPCC to expand and update eaderarios. This set of scenarios was
based on storylines of alternative futures, updatiglal regard to the variables used in
previous scenarios and with additional detail aht®logical change and land use.

The Energy Modeling Forum (EMF) has been an imporianue for intercomparison of
emissions and IAMs. The EMF, managed at Stanfordedsity, includes participants
from academic, government, and other modeling ggdrgm around the world. It has
served this role for the energy-modeling commusiitge the 1970s. Individual EMF
studies run over a course of about two years, sadnarios designed by the participants
to provide insight into the behavior of the pagating models. Scenarios are often
published in the peer-reviewed literature. A rectaty, EMF 21, focused on multi-gas
stabilization scenarios (Weyant and de la ChesBa9é).

--- END BOX 1.3 ---

Models assist in creating scenarios by showing assumptions about key drivers, such
as economic and population growth or policy optjdead to particular levels of GHG
emissions. Model-based scenario analysis is designprovide quantitative estimates of
multiple outcomes and to assure consistency antweg that is difficult to achieve
without a formal structure. Thus, a main benefis@th model simulation of scenarios is
that they ensure basic accounting identities: thantjty demanded of fuel is equal to the
guantity supplied, imports in one region are bagahioy exports from other regions,
cumulative fuel used does not exceed estimatdseafeisource available, and
expenditures for goods and services do not excesxhrie. The approach complements
other ways of thinking about the future, rangingnirformal uncertainty analysis to
narratives. Also, such model analyses offer afsetacro-scenarios that users can build
on, adding more detailed assumptions about vagadid decisions of interest to them.
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The possible users of these scenarios are mangiaade, and a single scenario research
product cannot hope to provide the details neegellpotential users or to address their
specific questions. Thus, these scenarios areittal set offered to potential user
communities. If successful, they will generatetiertquestions and the demand for more
detailed analysis, some of which might be satisfigdurther scenario development from
models like those used here, but more often demgrdétail that can only be provided
with other modeling and analysis techniques. Adistigs effort is one step in an

ongoing and iterative process of producing andied climate-related scenarios and
scenario tools.

Although the required long-term perspective demaw@sarios that stretch into the
distant future, any such scenarios carry with tisemsiderable uncertainty. Inevitably,
the future will hold surprises. Scientific advaneelt be made, new technologies will be
developed, and the direction of the economy willradie, making it necessary to reassess
the issues examined here. The Prospectus calletti@opment of a limited number of
scenarios, without a formal treatment of likelihawrduncertainty, requiring as noted
earlier only that the modeling groups use assumsgtibat they believe to be “plausible”
and “meaningful”. Formal uncertainty analysis hascmto offer and could be a useful
additional follow-on or complementary research.&jé&owever, the range of outcomes
from the different modeling groups help to illusgsaf incompletely, the range of
possibilities.

The scenarios developed here take the best infammavailable now and assess what
that may mean for the future. Any such researctvelver, will necessarily be incomplete
and will not foresee all possible future developtaetihe best planning must prepare for
changes in course later as new information becawaable.

1.5. Report Outline

Chapter 2 of this report provides an overview eftiree models used in development of
the scenarios. Chapter 3 describes the assumjaiiiang key drivers in each of the

models and reports the reference scenarios. Chéapt@vides greater detail on the

design of the stabilization scenarios and thengmssthese scenarios. Chapter 5 provides
concluding observations, including possible averiaeadditional research.

The chapters seek to show how the models and suengsions used by the modeling
groups to develop the scenarios differ and, tadéggee possible, relate where these
differences matter and how they shape the scenditesmodels have their own
respective areas of focus, and each offers itsreasonable representation of the world.
The authors have distilled general conclusions comta the scenarios generated by the
three modeling groups, while recognizing that ofhlausible representations could well
lead to quite different scenarios. The scenarieagsented primarily in the figures.
Associated with the report is a database with dtaive information available for those
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who wish to further analyze and use these scenakidsscription of the database,
directions for use, and its location can be founthe appendix.
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Table 1.1. Greenhouse Gas Concentrations and Forgn

Preindustrial Current Increased

Concentration Concentration Forcing wm

(1750) (1998) (1750-1998)
CO, 278 ppmv 365 ppmv 1.46
CH,4 700 ppbv 1745 ppbv 0.48
N,O 270 ppbv 314 ppbv 0.15
HFCs, PFCs, SF4 0 various =~ 0.02
Total -- -- 211

Source: IPCC, 2001

Table 1.2. Radiative Forcing Stabilization LevelsWm™) and Approximate CO,
Concentrations (ppmv).The stabilization levels were constructed so thatG)

concentrations resulting from stabilization of tetadiative forcing, after accounting for
radiative forcing from the non-GA5HGs included in this research, would be roughly
450 ppmv, 550 ppmv, 650 ppmv, and 750 ppmv.

Approximate
Contribution to | Approximate
Radiative Contribution  Corresponding
Total Radiative | Forcing from to Radiative CO,
Forcing from non-CO, Forcing from  Concentration
GHGs (Wm™® | GHGs Wm?® | €O, (Wm? (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 4.5 650
Level 4 6.7 14 5.3 750
Year 1998 2.11 0.65 1.46 365
Preindustrial 0 0 0 275
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Figure 1.1. Estimated Influences of Atmospheric Gas on Radiative Forcing, 1850-

present.
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2. MODELS USED IN THIS RESEARCH
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2.3.  Earth Systems COMPONENT.............utmmmmmmmmeeeeeeeeeeeeeeiiiiiiaa e eeeeaaaaes 12

2.4, REIEIBNCES. . .uiiiiiiiiiiiiii ettt 15

2.1. Overview of the Models

The computer models used in this research arereefés as integrated assessment
models (IAMs) in that they combine, in an integdab@mework, the socioeconomic and
physical processes and systems that define therhinflaence on, and interactions with,
the global climate. They integrate computer modésocioeconomic and technological
determinants of the emissions of GHGs and othestanbes influencing the Earth’s
radiation balance with models of the natural saepicEarth system response, including
those of the atmosphere, oceans, and terrestospbere. Although they differ in their
specific design objectives and details of theirimeatatical structures, each of these
IAMs was developed for the purpose of gaining ihsigto economic and policy issues
associated with global climate change.

To create scenarios of sufficient depth, scope,dtdil, a number of model
characteristics were deemed critical for developgméthese scenarios. The criteria set
forth in Chapter 1 led to the selection of thred&lis IGSM, MERGE, and MiniCAM.
These three are among the most detailed modetssatfype of IAM, and each has long
history of development and application.

* IGSM of the Massachusetts Institute of Technologgmt Program on the Science
and Policy of Global Change is an Earth system rintbeé comprises a multi-sector,
multi-region economic component and a science compip including a two-
dimensional atmosphere, a three-dimensional o@aha detailed biogeochemical
model of the terrestrial biosphere (Sokolov eR8D5). Because this scenario focuses
on new emissions scenarios, elements of the sosnamerging from the economic
model component of IGSM, the Emissions Predictiod Bolicy Analysis (EPPA)
model (Paltsev et al. 2005), are featured in teeudision below. EPPA is a recursive-
dynamic computable general equilibrium (CGE) maxfehe world economy and
greenhouse-relevant emissions, solved on a fivetyaa step. Previous applications
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of IGSM and its EPPA component system can be faind
http://web.mit.edu/globalchange.

MERGE was developed jointly at Stanford Universihd the Electric Power
Research Institute (Manne and Richels 2005).dhignter-temporal general
equilibrium model of the global economy in whicle torld is divided into nine
geopolitical regions. It is solved on a ten-yearetistep. MERGE is a hybrid model,
combining a bottom-up representation of the enstgpply sector with a top-down
perspective on the remainder of the econdn8avings and investment decisions are
modeled as if each region maximizes the discoumtiéty of its consumption,
subject to an inter-temporal wealth constraint. Edd®ed within this structure is a
reduced-form representation of the physical Earstiesn. MERGE has been used to
explore a range of climate-related issues, inclydmulti-gas strategies, the value of
low-carbon-emitting energy technologies, the choiteear-term hedging strategies
under uncertainty, the impacts of learning-by-doend the potential importance of
whenandwhereflexibility. To support this analysis of stabilizan scenarios, the
multi-gas version has been revised by adjustmaertischnology and other
assumptions. The MERGE code and publications d&sgrits structure and
applications can be found at http://www.stanford/gtbup/MERGE/.

MiniCAM is an integrated assessment model (Brengeal. 2003) that combines a
technologically detailed global energy-economy-agtural-land-use model with a
suite of coupled gas-cycle, climate, and ice-mealtets, integrated in the Model for
the Assessment of Greenhouse-Gas Induced Climatege{(MAGICC). MiniCAM
was developed and is maintained at the Joint GlGhahge Research Institute, a
partnership between the Pacific Northwest Natiduadloratory and the University of
Maryland, while MAGICC was developed and is mainéal at NCAR. MiniCAM is
solved on a 15-year time step. MiniCAM has beerl @séensively for energy,
climate, and other environmental analyses conduotegrganizations that include
the U.S. Department of Energy (DOE), the U.S. Eovimental Protection Agency,
the IPCC, and several major private sector eneogypanies. Its energy sector is
based on a model developed by Edmonds and RedB5)1 The model is designed to
examine long-term, large-scale changes in glob@lragional energy systems,
focusing on the impact of energy technologies. Doentation for MiniCAM can be
found at http://www.globalchange.umd.edu/modelsiR#AM.pdf/.

Because these models were designed to addresedapping set of climate change
issues, they are similar in many respects. Allghlrave social science-based components
that capture the socioeconomic and technologyantems underlying the emissions of

GHGs, and each incorporates models of physicaksyidr GHGs and other radiatively
important substances and other aspects of theahattience of global climate. The
differences among them lie in the detail and casion of these components and in the
ways they are modeled to interact. Each was dedigité somewhat different aspects of
the climate issue as a main focus. IGSM includestbst detailed representation of the

11t differs from the pure bottom-up approach désemiiin Box 2.1 in that demands for energy are price
responsive.
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chemistry, physics, and biology of the atmospheceans, and terrestrial biosphere; thus,
its EPPA component is designed to provide the aarisgetail that these natural science
components require. MERGE has its origins in amggreector model that was initially
designed for energy technology assessment. It waseguently modified to explore the
influence of expectations (and uncertainty regay@xpectations) about future climate
policy on the economics of current investment d@&ldost-minimizing allocation of
emissions mitigation over time. Its focus requiadsrward-looking structure, which in
turn employs simplified non-energy components efébonomy. MiniCAM is a
technology-rich IAM. It features detailed represginns of energy technologies, energy
systems, and energy markets and their interactiathsdemographics, the economy,
agricultural technologies and markets land use theaderrestrial carbon cycle.

Each of these IAMs has unique strengths and arfegsecial insight. In this scenario, the
simultaneous application of different model struesuis useful in revealing different
aspects of the task of atmospheric stabilizatidre differences among the scenarios
prepared by the three modeling groups, present€thapters 3 and 4, are an indication

of the limits of the knowledge about future GHG ssmns and the challenges in
stabilizing atmospheric conditions. Indeed, diffexes among the reference scenarios and
in the implications of various stabilization targetre likely within the range that would

be realized from an uncertainty analysis appliedry one of the three, as indicated by
the analysis of the EPPA model by Webster et 8082

Table 2.1 provides a cross-model overview of sofitbekey characteristics to be
compared in the following sections of this chap&ection 2.2 focuses on social science
components, describing similarities and differeraxed highlighting the assumptions that
have the greatest influences on the scenariosio8&t8 does the same for the natural
science sub-models of each IAM, which in this reseanake the connection between the
emissions of GHGs and other radiatively importaritssances and the resulting
atmospheric conditions.

Table 2.1. Characteristics of the Models
2.2.  Socioeconomic and Technology Components
2.2.1. Equilibrium, Expectations, and Trade

As can be seen in Table 2.1, the models represenbenic activity and associated
emissions in a similar way; each divides the weddnomy into several regions, and
further divides each region into economic sectiorgll three, the greatest degree of
disaggregation is applied to the various componeihésergy supply and demand.

The models differ, however, in their representaionthe equilibrium structure, the role
of future expectations, and in the goods and sesviaded. MERGE and the EPPA
component of IGSM are CGE models, which solve foomsistent set of supply-demand
and price equilibria for each good and factor aidurction that is distinguished in the
analysis. In the process, CGE models ensure adslareach period of income and
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expenditure and of savings and investment for dememy, and they maintain a balance
in international trade in goods and emissions pistrMiniCAM is a partial-equilibrium
model, solving for supply-demand and price equailbvithin linked energy and
agricultural markets. Other economic sectors thigiénce the demand for energy and
agricultural products and the costs of factorsrofipction in these sectors are
represented through exogenous assumptions.

The models also differ in how expectations aboetfthure affect current decisions. The
EPPA component of IGSM and MiniCAM are recursivexdyic, meaning they are
solved one period at a time with economic agentdeaieal as responding to conditions in
that period. This behavior is also referred to gspic because these agents do not
consider expected future market conditions in teaisions. The underlying behavioral
assumption is that consumers and producers maxtmezeindividual utilities or profits.
In MiniCAM, this process is captured through the 0§ demand and supply functions
that evolve over time as a function of evolvingmmmic activity and regional economic
development. In IGSM, explicit representative-ageility and sector production
functions ensure that consumer and producer desisice consistent with welfare and
profit maximization. In both of these models, ttadterns of emissions mitigation over
time in the scenarios that stabilize radiative iftgare imposed through assumptions
intended to capture the features of a strategy dsa¢xplained in Section 2.4, would be
cost efficient. MERGE, on the other hand, is apmtémporal optimization model,
meaning that all periods are solved simultaneosisth that resources and mitigation
effort are allocated optimally over time as wellaasong sectors. Inter-temporal models
of this type are often referred to as forward-logkor perfect foresight models because
actors in the economy base current decisions rigtaancurrent conditions but on future
ones, which are assumed to be known with certaBityiultaneous solution of all periods
ensures that agents’ expectations about the fararecalized in the model solution.
MERGE's forward-looking structure allows it to eiqilly solve for cost-minimizing
emissions pathways, in contrast to MiniCAM and IG&#ich exogenously prescribe
emissions mitigation policies over time.

Although all three models also represent intermatidrade in goods and services and
include exchange in emissions permits, they diffehe combinations of goods and
services traded. In IGSM, all goods and servicpsegented in the model are traded, with
electricity trade limited to geographically contgys regions to the extent that it occurs
in the base data. MiniCAM models international &ad oil, coal, natural gas,

agricultural goods, and emission permits. MERGE etotrade in oil and natural gas,
emissions permits, energy-intensive industrial go@ed a single non-energy good
representing all other tradable goods and services.

2.2.2. Population and Economic Growth

An increase in the overall scale of economic afstid among the most important drivers
of GHG emissions. However, economic growth depeimdsart, on growth in

population, which in all three models is an exogetydetermined input. Although
economic activity is an output of the models, éedl is largely determined by
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assumptions about labor productivity and labordagmowth, which are also model
inputs. Policies to reduce emissions below thogkerreference scenarios also affect
economic activity, which may be measured as chamgésoss Domestic Product (GDP)
or in national consumption. (See Chapter 4, whidvides a discussion of the
interpretation and limitations of GDP and otherfaed measures.)

In MiniCAM, labor productivity and growth in thebar force are the main drivers of
GDP growth. GDP is calculated as the product afidbrce and average labor
productivity modified by an energy-service costdieack elasticity. The labor force and
labor productivity are both exogenous inputs to iII&M, but were developed for these
scenarios from detailed demographic analysis. i8tawith the underlying population
scenario, the labor force was estimated from agé-gender-specific labor force
participation rates applied to the relevant cohahsn summed and adjusted by a fixed
unemployment rate. Trends were explicitly consideseich as the increasing rate of
labor force participation by females in the U.Soremmy, the aging of the baby boomers,
and evolving labor participation rates in older ads, reflecting the consequences of
changing health and survival rates. Labor forcelpctivity growth rates vary over time
and across region to represent these evolving dexpbigs.

In MERGE and the EPPA component of IGSM, the ldbore and its productivity,
while extremely important, are not the only factdetermining GDP. Savings and
investment and productivity growth in other fact@g., materials, land, labor, and
energy) variously contribute as well. IGSM and MERGse population directly as a
measure of the labor force and apply assumptioostdabor productivity change that
are appropriate for that definition.

2.2.3. Energy Demand

In all three models, energy demands are represeeggahally and driven by regional
economic activity. As a region’s economic activitgreases, its corresponding demand
for energy services rises. Energy demand is afeatafl by assumptions about changes
in technology, in the structure of the economy, enother economic conditions (see
Section 2.2.5). Similarly, all the models represbetway demand will respond to
changes in price. The formulation of price respasgmrticularly important in the
construction of stabilization scenarios becausenip®sition of a constraint on carbon
emissions will require the use of more expensivagynsources with lower emissions
and will, therefore, raise the consumer price bfams of energy.

The demand for energy is derived from demandstfgragoods and services in all three
IAMs. However, the models differ in the way theyide their energy demands. In IGSM
each good- or service-producing sector demandggn€he production sector is an
input-output structure in which every industry (uting the energy sector) supplies its
outputs as inputs to intermediate production ireothdustries and for final consumption.
Households have separate demands for automobllarideor all other energy services.
Each final demand sector can use electricity, tiquels (petroleum products or biomass
liquids), gas, and coal; fuel for automobiles msited to liquids. MiniCAM is similar in
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that each MiniCAM sector demands energy. Energlermanded by both final
consumers and transforming sectors. In MiniCAMrehare three final energy
consumption sectors—buildings; industry; and transpwhich consume electricity and
energy products such as coal, biomass, refinedlligeels, methane, and hydrogen. In
addition, energy is demanded by energy-producinbrafining sectors, power
generators, and hydrogen producers, whose demarnashiare derived from the
demands arising in the final energy consumptiotosec MERGE is similar to IGSM
except that its inter-industry transactions arereg@ted into a single, non-energy-
production sector for each region from which denssifiod fuels (oil, gas, coal, and
bioenergy) and electricity are derived. The powenragation sector’'s demands for energy
are derived from the economy’s demand for eledyrici

2.2.4. Energy Resources

The future availability of energy resources, pattacly of exhaustible fossil fuels, is an
important determinant of energy use and emissemthie models provide explicit
treatments of the underlying resource base. Adlghnclude empirically based estimates
of in-ground resources of oil, coal, and natura tjat might ultimately be available,
along with a model of the costs of extraction. Teeels of detail in the different models
are shown in Table 2.1. Each of the models inclim#ls conventional and
unconventional sources in its resource base andgenpts the process of exhaustion of
resources by an increasing cost of exploitatiorat T$) lower-cost resources are utilized
first so that the costs of extraction rise as #swurces are depleted. The models differ,
however, in the way they represent the increasirsgsoof extraction. MiniCAM divides
the resource base for each fossil fuel into disageades with increasing costs of
extraction, along with an exogenous technical cbhahgt lowers resource extraction
costs over time. MERGE has similar differentialdgs for oil and gas, but assumes that
the coal base is more than sufficient to meet pi@letlermand and that exogenous
technological improvements in extraction will benmmal. For these reasons, MERGE
represents coal as having a constant cost overitigspective of utilization. IGSM
models resource grades with a continuous functieparately identifying conventional
oil, shale oil, natural gas, and coal. Fuel-prodg@ectors are subject to economy-wide
technical progress (e.g., increased labor proditygtwvowth), which partly offsets the

rise in extraction costs. The models all incorpatar sands and unconventional gas (e.g.,
tight gas and coal-seam gas) in the grade struttu@l and natural gas, and each also
includes the potential development of shale oil.

The models seek to represent all resources théd beuavailable as technology and
economic conditions vary over time and across satins. Thus, they reflect judgments
that technology will advance to the point whererently unused resources can be
economically exploited. Generally, then, they defanresource base that is more
expansive than, for example, that of the U.S. Ggiodd Survey, which estimates
technological and economic feasibility only at emtrtechnology and prices. However,
differences exist in the treatments of potentialilable resources. MiniCAM includes a
detailed representation of the nuclear power sertoluding uranium and thorium
resources; nuclear fuel fabrication; reactor tetdgyoptions; and associated fuel-cycle
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cycles, including waste, storage, and fuel reprsiogs IGSM and MERGE assume that
the uranium resources used for nuclear power geoerare sufficient to meet likely use
and, therefore, do not explicitly model their déeijole.

The treatment of wind and solar resources alsemifimong the models. IGSM
represents the penalty for intermittent supply mdeling wind and solar as imperfect
substitutes for central station generation, whieeeetasticity of substitution implies a
rising cost as these resources supply a largee siialectricity supply. Land is also an
input, and the regional cost of wind and solar gnés based on estimates of regional
resource availability and quality. MERGE represéhé&se resources as having a fixed
cost that improves over time, but it applies ugpeits on the proportion of these
resources, representing limits on the integraticih@se resources into the grid.
MiniCAM represents wind and solar technologiesdsagting power from graded,
regional, renewable resource bases. Variationsouee availability across diurnal and
annual cycles affects market penetration of theslertologies. As wind and solar
technologies achieve larger fractions of the tptaler generation system, storage and
ancillary power production capacity are required/imiCAM, which in turn affects the
cost of power generation and technology choice.

IGSM and MiniCAM model biomass production as conmgtor agricultural land.
Increasing production leads to increasing land, representing the scarcity of
agricultural land, and thus, to increasing codtiomass as production expands.
MiniCAM also has a separate set of regional supyohgtions for biomass supplied from
waste and residue sources. MERGE places an uppiénh the amount of biomass
energy that might supply the electric and non-eleenergy sectors, but otherwise
assumes a fixed cost for biomass energy and alitevsass to compete unhindered in
the market.

2.2.5. Technology and Technological Change

Technology is the broad set of processes covemogvkhow, experience, and equipment
used by humans to produce services and transfaoumees. In the three models
participating in this scenario, the relationshipaeen things that are produced and things
that are used in the production process are repegsenathematically. In the jargon of
the models, the relationship between things trepavduced and things that are used in
the production process is referred to as a proodtinction.

The three modeling groups differed substantiallthiir representation of technology
depending on their overall design objectives. Ddfees also resulted from data
limitations and computational feasibility, whictrée tradeoffs between the inclusion of
engineering detail and the representation of ttexaiction among the segments of a
modern economy that determines supply, demandpiaces (see Box 2.1).

All three of the models applied here follow a hgbapproach to the representation of
energy technology, involving substantial detaisame areas and more aggregate
representations in others, and some of the chtiegglow from the distinct design of
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each can be seen in Table 2.1. They representyedengand, as described in Section
2.2.3, with the application of an autonomous eneffjgiency improvement (AEEI)
factor to represent non-price-induced trends inggnase. However, AEEI parameter
values are not directly comparable across the msdabdause each has a unique
representation of the processes that togetheriexpla multiple forces that have
contributed historically to changes in the energgmsity of economic activity. In IGSM
and MERGE, the AEEI captures non-price changesu@itg structural change not
accounted for in the models) that can be energyusither than energy saving. MERGE
represents the AEEI as a function of GDP growtbeaoh region. MiniCAM captures
shifts among fuels through differing income elasgs, which change over time, and
separately represents AEEI efficiency gains.

--- BOX 2.1: TOP-DOWN, BOTTOM-UP, AND HYBRID MODELI NG ---

The models used in energy and environmental asgessrare sometimes classified as
either top-down or bottom-up in structure, a didiion that refers to the way they
represent technological options. A top-down modelsuan aggregate representation of
how producers and consumers can substitute nomgpemgguts for energy inputs or
relatively energy-intensive goods for less energgnsive goods. Often, these tradeoffs
are represented by aggregate production functiobg atility functions that describe
consumers’ willingness and technical ability to stithte among goods.

The bottom-up approach begins with explicit tecbgadal options, and fuel substitution
or changes in efficiency occur as a result of ardi® change from one specific
technology to another. The bottom-up approach sdvantage of being able to
represent explicitly the combination of outputguts, and emissions of types of capital
equipment used to provide consumer services @\ghicle model or building design)
or to perform a particular step in energy supplyg.(ea coal-fired powerplant or wind
turbine). However, a limited number of technologaes typically included, which may
not well represent the full set of possible optitrat exist in practice. Also, in a pure
bottom-up approach, the demands for particularggneervices are often characterized as
fixed (unresponsive to price), and the prices ptits such as capital, labor, energy, and
materials are exogenous.

On the other hand, the top-down approach explioibdels demand responsiveness and
input prices, which usually require the use of oardus functions to model at least some
parts of the available technology set. The disathgmof the latter approach is that
production functions of this form will poorly rement switch points from one technology
to another—as from one form of electric generatmanother or from gasoline to
biomass blends as vehicle fuel. In practice, tret rejority of models in use today,
including those applied in this scenario, are tgdin that they include substantial
technological detail in some sectors and more agdeerepresentations in others.

--- END BOX ---

Other areas shown in Table 2.1 where there ardfisamt differences among the models
are in energy conversion—from fossil fuels or reabl@ sources to electricity and from
solid fossil fuels or biomass to liquid fuels oisgén IGSM, discrete energy technologies
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are represented as energy supply sectors contaitid@d the input-output structure of the
economy. Those sources of fuels and electricityribav dominate supply are
represented as production functions with the samseclstructure as the other sectors of
the economy. Technologies that may play a largeirothe future (e.g., power plants
with CCS or oil from shale) are introduced as disetechnologies using a production
function structure similar to that for existing grection sectors and technologies. They
are subject to economy-wide productivity improvertsge.g., labor, land, and energy
productivity), the effect on cost of which depemasthe share of each factor in the
technology production function. MERGE and MiniCAMaracterize energy-supply
technologies in terms of discrete technologie®dMERGE, technological improvements
are captured by allowing for the introduction ofmmadvanced technologies in future
periods; in MiniCAM, the cost and performance afiteologies are assumed to improve
over time, and new technologies become availabllearfuture. Similar differences
among the models hold for other conversion tectgief such as coal gasification, coal
liquefaction, or liquids from biomass.

The entry into the market of new sources and teegls of production by region are
determined endogenously in all three models anérmt&pn the relative costs of supply.
It should be emphasized that the models do noiattplrepresent the research and
development (R&D) process and how it leads to teethchange through, for example,
public and private R&D, spillovers from innovationother economic sectors, and
learning-by-doing. A number of recent efforts h&deen made to incorporate such
processes and their effects as an endogenous cempafmodeling exercises. However,
these studies have generally not been applied telnof the complexity needed to meet
the requirements of this scenario product.

Because of the differences in structure among thresiels, there is no simple
technology-by-technology comparison of performasice cost across particular sources
of supply or technical options. This situation éxi®r a variety of reasons. First, cost is
an output of the three models and not an inpuhérthree models here technologies are
defined not in terms of some exogenously specist, but rather in terms of a set of
parameters associated with a production functibime three models differ in many
regards. Each model defines the scope of a teabwnalifferently. Sectoral definitions,
technology definitions, and data sources all varpss the three models. For example,
one model has a service sector while another bagdings sector. There is then, no
common definition for technologies, technology dgsors and hence for a set of
comparable costs. The detailed scenario documentgttr each of the three modeling
groups provides more information about the techgyplssumptions employed by three
modeling groups (Insert references at publication).

The influence of differing technology specificatsoand assumptions is evident in the
scenarios discussed in Chapters 3 and 4, with slevkthese features being particularly
notable. In the absence of any GHG policy, motef fsidrawn ever more heavily from
high-emitting sources—for example, oil from shadenes in under IGSM’s resource and
technology assumptions, but liquids from coal eméVIERGE and MiniCAM.
Furthermore, because each model assumes markeanmatis operate efficiently, the
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marginal cost of reducing GHG emissions—that isab&t of reducing the last tonne of
GHG—is equal to the price of carbon in every tedbgp employed in every sector and
in every country of the world. When stabilizatiaanditions are imposed, all models
show CCS taking a key role over the time periodsabared in this research. Nuclear
power contributes heavily in MERGE and in MiniCAMhereas the potential role of this
technology is overridden in the IGSM scenarios yassumption of political restraints
on expansion. Finally, although differences in esioiss in the reference scenario
contribute to variation in the difficulty of achieng stabilization, alternative assumptions
technological improvements also play a promineld.ro

2.2.6. Land Use and Land-Use Change

The models used in this scenario were developeghatly with a focus on energy and
fossil carbon emissions. The integration of theerial biosphere, including human
activity, into the climate system is less highlye®ped. Each model represents the
global carbon cycle, including exchanges amongthwsphere, natural vegetation, and
soils; the effects of human land use and respdosearbon policy; and feedbacks to the
global climate. No model represents all of thesesble responses and interactions, and
the level of detail varies substantially amongrimdels. For example, they differ in the
handling of natural vegetation and soils and inrtfesponses to C{roncentration and
changed climate. Furthermore, land-use practicgs, (ew- or no-till agriculture and
biomass production) and changes in land use @fgrestation, reforestation, or
deforestation) that influence GHG emissions ands#gpiestration of carbon in terrestrial
systems are handled at different levels of detaileed, improved two-way linking of
global economic and climate analysis with modelplofsical land use (land use
responding to climate and economic pressures aokihtate response changes in the
terrestrial biosphere) is the subject of ongoirggeech in these modeling groups.

In IGSM, land is an input to agriculture, biomassduction, and wind and/or solar
energy production. Agriculture is a single sechattaggregates crops, livestock, and
forestry. Biomass energy production is modeled separate sector, which competes
with agriculture for land. Markets for agricultuigdods and biomass energy are
international, and demand for these products détesthe price of land in each region
and its allocation among uses. In other sectorsine to capital include returns to land,
but the land component is not explicitly identifigchthropogenic emissions of GHGs
(importantly, CH and NO) are estimated within IGSM as functions of agtimal

activity and assumed levels of deforestation. Hsponse of terrestrial vegetation and
soils to climate change and g@crease is captured in the Earth system compafent
the model, which provides a detailed treatmenti@fédochemical and land-surface
properties of terrestrial systems. However, thgéimraphy of natural ecosystems and
human uses remains unchanged over the simulatimodpith the area of cropland
fixed to the pattern of the early 1990s. Balancthécarbon cycle between ocean uptake,
land-use and land-use change, and anthropogenssiems is achieved in IGSM with an
adjustment factor to ensure that the recent treradmospheric C@increase is

replicated. This adjustment factor is best intagaes what carbon uptake due to forest
regrowth must have been, given the representafiterrestrial and ocean systems in
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IGSM. The need for such an adjustment factor refléee continuing scientific
uncertainty in the carbon cycle. In other wordghviossil emissions and concentrations
relatively well known, the total uptake is knownt Itlie partitioning of the uptake
between terrestrial and ocean systems is uncg&ainine et al., 2004). IGSM does not
simulate carbon price-induced changes in carbounestation (e.g., reforestation and
tillage), and change among land-use types in ERR®I fed to the terrestrial biosphere
component of IGSM.

The MERGE modeling group assumed a neutral teraébiosphere across all scenarios.
That is, it is assumed that the netf&®change with the atmosphere by natural
ecosystems and managed systems—the latter incladmculture, deforestation,
afforestation, reforestation, and other land-usege—sums to zero.

MiniCAM includes a model that allocates the landaain a region among various
components of human use and unmanaged land—witigekan allocation over time in
relation to income, technology, and prices—andesties the COemissions (or sinks)
that result. Land conditions and associated enmssane parameterized for a set of
regional sub-aggregates. The supply of primarycadjtiral production (four food crop
types, pasture, wood, and commercial biomassjrislated regionally with competition
for a finite land resource based on the averagt pate for each good potentially
produced in a region. In stabilization scenaribs,alue of carbon stored in the land is
added to this profit, based on the average carbotent of different land uses in each
region. This allows carbon mitigation policies tgkcitly extend into land and
agricultural markets. The model is solved by clegua global market for primary
agricultural goods and regional markets for pastline biomass market is cleared with
demand for biomass from the energy component ofmthéel. Exogenous assumptions
are made for the rate of intrinsic increase in@gtural productivity, although net
productivity can decrease in the case of expardi@agricultural lands into less
productive areas (Sands and Leimbach 2003). Unneanagd can be converted to agro-
forestry, which in general leads to net £#nissions from tropical regions in the early
decades. Emissions of non-€GHGs are tied to relevant drivers, for examplehwiH,
from ruminant animals related to beef productiomi®AM thus treats the effects on
carbon emissions of gross changes in land use {@m forests to biomass production)
using an average emission factor for such converdibe pricing of carbon stocks in the
model provides a counterbalance to increasing ddrfarbiomass crops in stabilization
scenarios.

2.2.7. Emissions of C@and Non-CO, Greenhouse Gases

In all three models, the main source of &issions is fossil fuel combustion, which is
computed on the basis of the carbon content of eatite underlying resources: oil,
natural gas, and coal. Special adjustments are toaaount for emissions associated
with the additional processing required to coneedl, tar sands, and shale sources into
products equivalent to those from conventional@ther industrial C@emissions also
are included, primarily from cement production.
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As required for this scenario, all three models atglude representations of emissions
and abatement of CHN,O, HFCs, PFCs, and $kplus aerosols and other substances
not considered in this scenario). The models useesdat different approaches to
represent abatement of non-g&HGs. IGSM includes the emissions and abatement
possibilities directly in the production functiookthe sectors that are responsible for
emissions of the different gases. Abatement pdisbiare represented by substitution
elasticities in a nested structure that encompagseemissions and other inputs,
benchmarked to reflect bottom-up studies of abatémpeatential. This construction is
parallel to the representation of fossil fuels fadquction functions, where abatement
potential is similarly represented by the subgbitutlasticity between fossil fuels and
other inputs, with the specific set of substitus@overned by the nest structure.
Abatement opportunities vary by sector and region.

In MERGE, CH emissions from natural gas use are tied direotth¢ level of natural

gas consumption, with the emissions rate decreasiagtime to represent reduced
leakage during the transportation process. Nonggrswurces of Ckj N,O, HFCs,

PFCs, and Sfare based largely on the guidelines provided byEWF Study No. 21 on
Multi-Gas Mitigation and Climate Change (Weyant aieda Chesnaye 2005). The EMF
developed baseline projections from 2000 throug?026or all gases but,® and CQ,

the baseline for beyond 2020 was derived by extadipo of these estimates. Abatement
cost functions for these two gases are also bas&M¥- 21, which provided estimates of
the abatement potential for each gas in each ob&flcategories in 2010. These
abatement cost curves are directly incorporatedemmodel and extrapolated after 2010
following the baseline. There is also an allowafacdechnical advances in abatement
over time.

MiniCAM calculates emissions of GHN,O; and seven categories of industrial sources
for HFCs, PFCs, and SFEmissions are determined for over 30 sectors, duetufossil
fuel production, transformation, and combustiowustrial processes; land use and land-
use change; and urban emissions. For details,mmé¢h @005) and Smith and Wigley (In
Press). Emissions are proportional to driving fexcappropriate for each sector, with
emissions factors in many sectors decreasing awerdccording to an income-driven
logistic formulation. Marginal abatement cost (MA€irves from the EMF-21 study are
applied, including shifts in the curves for Céle to changes in natural gas prices. Any
below-zero reductions in MAC curves are assumepfiy in the reference scenario.

2.3. Earth Systems Component

The Earth system components of the models représemnésponse of the atmosphere,
ocean, and terrestrial biosphere to emissionsrardasing concentrations of GHGs and
other substances. Representation of these procasdasing the carbon cycle (Box 2.2),
is necessary to determine emissions paths consisiitnstabilization because these
systems determine how long each of these substagiresns in the atmosphere and how
they interact in the modification of the Earth’sli@ion balance. Each model includes
such physical-chemical-biological components, habrporates different levels of detail.
The most elaborated Earth system components anel iouGSM (Sokolov et al. 2005),
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which falls in a class of models referred to astE&ystem Models of Intermediate
Complexity (Claussen et al. 2002). These are mdtatsfall between the full three-
dimensional atmosphere-ocean general circulatiodets AOGCMSs) and energy
balance models with a box model of the carbon cyide Earth system components of
MERGE and MiniCAM fall in the class of energy batarcarbon cycle box models.
Table 2.1 shows how each of the models treat @iffiecomponents of the Earth systems.

--- BOX 2.2: THE CARBON CYCLE ---

Although an approximate atmospheric lifetime is eimes calculated for GOthe term
is potentially misleading because it implies th&@ut into the atmosphere by human
activity always declines over time by some stablaaval process. In fact, the calculated
concentration of C&s not related to any mechanism of destructioreven to the length
of time an individual molecule spends in the atnhesp, because G@s constantly
exchanged between the atmosphere and the surjggeofethe ocean and with
vegetation. Instead, it is more appropriate toklabout how the quantity of carbon that
the Earth contains is partitioned between stocke-gfound fossil resources, the
atmosphere (mainly as GQsurface vegetation and soils, and the surfadedarp layers
of the ocean. When stored €09 released into the atmosphere, either from lfossi
terrestrial sources, atmospheric concentrationgase, leading to disequilibrium with
the ocean, and more carbon is taken up than iedymck. For land processes,
vegetation growth may be enhanced by increasesnospheric C@ and this change
could augment the stock of carbon in vegetationsamild. As a result of the ocean and
terrestrial uptake, only about half of the carbarrently emitted remains in the
atmosphere. Over millennial time scales oceansdavoaitinue to remove carbon until a
large fraction, presently about 80%, would ultinhatee removed to the oceans, leaving
about 20% as a permanent increase in atmosphedc@@entration. But this large
removal only occurs because current levels of aonisdead to substantial
disequilibrium between atmosphere and ocean. Lewessions would lead to less
uptake, as atmospheric concentrations come inambalwith the ocean and interact with
the terrestrial system. Rising temperatures tharaselill reduce uptake by the ocean,
and will affect terrestrial vegetation uptake, @eges that the models in this scenario
variously represent.

An important policy implication of these carbon-&y/processes as they affect
stabilization scenarios is that stabilization ofiggions near the present level will not lead
to stabilization of atmospheric concentrations.,€@ncentrations were increasing in the
1990s at just over 3 ppmv per year, an annual aseref 0.8%. Thus, even if societies
were able to stabilize emissions at current lexatmospheric concentrations of €O
would continue to rise. As long as emissions exdkedate of uptake, even very
stringent abatement will only slow the rate of sase.

--- END BOX ---

IGSM has explicit spatial detail, resolving the aiphere into multiple layers and by
latitude, and it includes a terrestrial vegetatiwodel with multiple vegetation types that
are also spatially resolved. A version of IGSM watkull three-dimensional ocean model
was used for this scenario, and it includes tentperadependent uptake of carbon.
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IGSM models atmospheric chemistry, resolved seplyr&ir urban (i.e., heavily

polluted) and background conditions. Processestloae carbon into or out of the ocean
and vegetation are modeled explicitly. IGSM alsaleis natural emissions of Gldnd
N>O, which are weather and/or climate-dependent.imbeéel includes a radiation code
that computes the net effect of atmospheric comatons of the GHGs studied in this
research. Also included in the global forcing ie #ffect of changing ozone and aerosol
levels, which result from emissions of £&hd non-GHGs, such as Nénd volatile
organic hydrocarbons; SQblack carbon; and organic carbon from energy,stidal,
agricultural, and natural sources.

MERGE’s physical Earth system component is embeddé#te inter-temporal
optimization framework, thus allowing solution af aptimal allocation of resources
through time, accounting for damages related toate change, or optimizing the
allocation of resources with regard to other caists such as concentrations,
temperature, or radiative forcing. In this scenathe second of these capabilities is
applied, with a constraint on radiative forcingg$ehapter 4). In contrast, IGSM and
MiniCAM Earth system models are driven by emissiaasimulated by the economic
components. In that regard, they are simulatiotigerahan optimization models.

The carbon cycle in MERGE relates emissions to eotmations using a convolution
ocean carbon-cycle model and assuming a neutrspbaye (i.e., no net G@xchange).

It is a reduced-form carbon cycle model developetMbier-Reimer and Hasselmann
(1987). Carbon emissions are divided into five £#ss each with different atmospheric
lifetimes. The behavior of the model compares falatyr with atmospheric
concentrations provided in the IPCC’s Third AssessiniReport (TAR) (IPCC 2001)
when the same Special Report on Emissions Scen&RISS) scenarios of emissions are
simulated in the model (Nakicenovic et al. 2000ERGE models the radiative effects of
GHGs using relationships consistent with summanethe IPCC, and applies the
median aerosol forcing from Wigley and Raper (200he aggregate effect is obtained
by summing the radiative forcing effect of each.gas

MiniCAM uses the MAGICC model (Wigley and Raper 20Wigley and Raper 2002)
as its biophysical component. MAGICC is an energhabce climate model that
simulates the energy inputs and outputs of key @rapts of the climate system (sun,
atmosphere, land surface, and ocean) with paraireiens of dynamic processes such
as ocean circulations. It operates by taking apitgenic emissions from the other
MiniCAM components, converting these to global ager concentrations (for gaseous
emissions), then determining anthropogenic radedtvcing relative to preindustrial
conditions, and finally computing global mean tenapigre changes. The carbon cycle is
modeled with both terrestrial and ocean componditts.terrestrial component includes
CQO, fertilization and temperature feedbacks; the oa@amponent is a modified version
of the Maier-Reimer and Hasselmann (1987) modeldisa includes temperature effects
on CQuptake. Net land-use change emissions from the@AM’s land-use change
component are fed into MAGICC so that the globaboa cycle is consistent with the
amount of natural vegetation. Reactive gases aidititeractions are modeled on a
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global-mean basis using equations derived fromltsestiglobal atmospheric chemistry
models (Wigley and Raper 2002).

In MiniCAM, global mean radiative forcing for GOCH,, and NO are determined from
GHG concentrations using analytic approximatiorediBtive forcing for other GHGs

are taken to be proportional to concentrations.id&e forcing for aerosols (for sulfur
dioxide and for black and organic carbon) are takdve proportional to emissions.
Indirect forcing effects, such as the effect of Qi stratospheric water vapor, are also
included. Given radiative forcing, global mean temgture changes are determined by a
multiple box model with an upwelling-diffusion oceaomponent. The climate

sensitivity is specified as an exogenous paramBtAGICC's ability to reproduce the
global mean temperature change results of AOGCM<kan demonstrated (Cubasch et
al. 2001, Raper and Gregory 2001).

Although aerosols and ozone are not included irctimeputation of the radiative forcing
targets that are the focus of these scenarios ateegonetheless included in the
simulations as noted above. That is, the targeatiad forcing levels identified in Table
1.2 and the radiative forcing levels reported ibsgguent chapters, account for only that
part of radiative forcing due to those GHGs covdrgdhe target. The models can
simulate total radiative forcing including additadrmpositive forcing from ozone and dark
aerosols and negative forcing from sulfate aerogdshown by Prinn et al. (In Press),
even for very large changes in emissions relatedese substances, the temperature
effect is small, in large part because aerosolsoande have offsetting cooling and
warming effects. To the extent temperature is &by these substances, however, they
have a small, indirect influence on the scenarexsabse trace gas cycles are climate-
dependent. For example, climate affects vegetatnmhocean temperature and, thus,
carbon uptake, and natural emissions of,@krtd NO and the lifetime of Cldalso

depend on climate. Because the net effect of thalsstances on temperature is small, the
feedback effect on trace gas cycles also is vestlsklowever, to the extent these
feedbacks are represented in the models as discabsge, they are included in the
calculation of required emissions reduction becdsgéemperature paths, while not
reported here, are simulated in the models andtatie reported carbon and other gas
concentrations. By the same token, the Montreagashich are being phased out, are
nonetheless included in these models and exert sdlaence on temperature.

Note that although the models used in this resdamgk capabilities to evaluate various
climate change effects, with few exceptions, theydt include the consequences of
such feedback effects as: temperature on homenlgeatd cooling requirements; local
climate change on agricultural productivity; &fertilization on agricultural productivity
(though a CQfertilization effect is included in the terrestr@arbon cycle models
employed by IGSM and MiniCAM); climate on water dahility for applications
ranging from crop growing to power plant coolingic8 improvements are left to future
research.
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Table 2.1 Characteristics of the Integrated Assement Models.

Feature IGSM with an EPPA MERGE MiniCAM
economics
component
Regions 16 9 14
Time Horizon, Time 2100, 5-year steps 2200, 10-year steps 2095, 15-year steps
Steps
Model Structure General equilibrium General equilibrium Partial equilibrium
Solution Recursive dynamic Inter-temporal Recursive dynamic

optimization

Final Energy Demand
Sectors in Each
Region

Households, private
transportation,
commercial
transportation, service
sector, agriculture,
energy intensive
industries, and other

A single, non-energy
production sector

Buildings,
transportation, and
industry (including
agriculture)

industry
Capital Turnover Five vintages of A putty clay approach | Vintages with
capital with a wherein the input- constant deprecation

depreciation rate

output coefficients for
each cohort are
optimally adjusted to
the future trajectory of
prices at the time of
investment

rate for all electricity-
sector capital; capital
structure not explicitly
modeled in other
sectors

Goods in International
Trade

All energy and non-
energy goods as well
as emissions permits

Energy, energy
intensive industry
goods, emissions
permits, and
representative
tradable goods

Qil, coal, natural gas,
biomass, agricultural

goods, and emissions
permits

Emissions COz, CH4, Nzo, COz, CH4, Nzo, |Ong— COz, CH4, Nzo, CO,
HFCs, PFCs, SFg, lived F-gases, short- NOx, SO,, NMVOCs,
CO, NOx, SOx, lived F-gases, and BC, OC, HFC245fa,
NMVOCs, BC, OC, SOx HFC134a, HFC125,
NH; HFC143a, SFg, C,F,

and CF,

Land Use Agriculture (crops, Reduced-form Agriculture (crops,
livestock, and emissions from land- pasture, and forests)
forests), biomass land | use; no explicit land as well as biomass
use, and land use for use sector; assume land use and
wind and/or solar no net terrestrial unmanaged land; the
energy emissions of CO, agriculture-land-use

module directly
determines land-use
change emissions
and terrestrial carbon
stocks.

Population Exogenous Exogenous Exogenous
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GDP Growth

Exogenous
productivity growth
assumptions for labor,
energy, and land,;
exogenous labor
force growth
determined from
population growth;
endogenous capital
growth through

Exogenous
productivity growth
assumptions for labor
and energy;
exogenous labor
force growth
determined from
population growth;
endogenous capital
growth through

Exogenous
productivity growth
assumptions for labor;
exogenous labor
force growth based
on population
demographics

savings and savings and
investment investment
Energy Efficiency Exogenous Proportional the rate Exogenous

Change

of GDP growth in
each region

Energy Resources

Oil (including tar
sands), shale oil, gas,
coal, wind and/or
solar, land (biomass),
hydro, and nuclear
fuel

Conventional ail,
unconventional oil
(coal-based
synthetics, tar sands,
and shale oil), gas,
coal, wind, solar,
biomass, hydro, and
nuclear fuel

Conventional ail,
unconventional oil
(including tar sands
and shale oil), gas,
coal, wind, solar,
biomass (waste
and/or residues and
crops), hydro, and
nuclear fuel (uranium
and thorium); includes
a full representation
of the nuclear fuel
cycle

Electricity
Technologies

Conventional fossil
(coal, gas, and oil),
nuclear, hydro,
natural gas combined
cycle (NGCC) with
and without capture,
integrated coal
gasification with
capture, and wind
and/or solar, biomass

Conventional fossil
(coal, gas, and oil),
nuclear, hydro, NGCC
integrated coal
gasification with
capture, wind, solar,
biomass, and fuel
cells

Conventional fossil
(coal, gas, and oil)
with and without
capture; IGCCs with
and without capture;
NGCC with and
without capture; Gen
I, NI, and IV reactors
and associated fuel
cycles; hydro, wind,
solar, and biomass
(traditional and
modern commercial)

Conversion
Technologies

Oil refining, coal
gasification, and bio-
liquids

Qil refining, coal
gasification and
liquefaction, bio-
liquids, and
electrolysis

Qil refining, natural
gas processing,
natural gas to liquids
conversion, coal, and
biomass conversion
to synthetic liquids
and gases; hydrogen
production using
liquids, natural gas,
coal, biomass; and
electrolysis, including
direct production from
wind and solar, and
nuclear thermal
conversion
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Atmosphere- Ocean

2-dimensional
atmosphere with a 3-
dimensional ocean
general circulation
model, resolved at 20
minute time steps, 4°
latitude, 4 surface
types, and 12 vertical
layers in the
atmosphere

Global multi-box
energy balance model
with upwelling-
diffusion ocean heat
transport

Carbon Cycle

Biogeochemical
models of terrestrial
and ocean processes;
depends on climate
and/or atmospheric
conditions with 35
terrestrial ecosystem

types

Globally balanced
carbon cycle with
separate ocean and
terrestrial
components as well
as with terrestrial
response to land-use
changes

Natural Emissions

CH,, N,O,and
weather and/or
climate dependent as
part of
biogeochemical
process models

Fixed natural
emissions over time

Atmospheric fate of
GHGs, pollutants

Process models of
atmospheric
chemistry resolved for
urban and
background
conditions

Reduced form models
for reactive gases and
their interactions

Radiation Code

Radiation code
accounting for all
significant GHGs and
aerosols

Reduced form and
top-of-the-
atmosphere forcing;
including indirect
forcing effects
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3. REFERENCE SCENARIOS

3. REFERENCE SCENARIOS ......coiiiiiiiiiiieeeeeeiirirrrrieeeereeeeeeeeaaeeaaaaaanssnnnnnns 1
I 0 I 11 £ To [8 Tox 1o [P O PP PP PP PPPPPRPPR 1
3.2, S0CI0eCONOMIC ASSUMPLIONS ....uuuuiiieieeeeeeeeeieiiriiiiiaaa s e e e e e e e e e e eeeeeeeeeeeeeeeens 3
3.3.  Energy Use, Prices, and Technology ....cccccceervreeiiiiiiiiiieeeeeeeeeeeeeeeiiiiees 7

3.3.1. The Evolving Structure of ENergy USE .. ccvveeiiiiiiiiiiiiiiiieeeeeeeeeeee 7
3.3.2.  Trends in FUEI PIICES .....ccoiiiiiiii et 10
3.3.3. Electricity Production and Technology .........ccccoovviiiiiiiiiiiiiiiiiiiiiiinns 11
3.3.4. NON-Electric ENErgy USE ........ciiiiiicceeeeiiie et 12
3.4. Land Use and Land-Use Change ........coccceeeeeiiiiiiineeeeeeeeeeeeeeeeeiiii e 13
3.5. Emissions, Concentrations, and Radiative BQrei............cccoovvvvvvvvvicnnnnnnn. 14
3.5.1. Greenhouse Gas EMISSIONS............cummmmmmseareeeeeeeeeeeeeeeeeeeeensennnnnnn. B
3.5.2.  The Carbon Cycle: Net Ocean and Terresix@lUptake ..................... 19
3.5.3. Greenhouse Gas CoNCeNtratioNS ......cccccooooviiiiiiiieiiiiiiee e 19
3.5.4. Radiative Forcing from Greenhouse GaSeS . covveeeeeeeeeeeerieerennnnnns 20
3.6, REMEIENCES ..ot e e 21

In the reference scenarios, energy consumption gagnificantly and the
energy system continues to rely on fossil fuedglifey to an increase in GO
emissions of roughly 3 to 3% times the present lev2100. Combined with
increases in the non-G@HGs and net uptake by the ocean and terrestrial
biosphere, radiative forcing from the GHGs consetkin this research reaches
6.4 to 8.6 Wi above the preindustrial level by 2100.

3.1. Introduction

This chapter introduces the reference scenarioslojleed by the three modeling groups.
These scenarios are plausible future paths, ndigii@ns, for by the very nature of their
construction, they lack the features of predictibast-judgment forecasts. For example,
they assume that in the post-2012 period existiagsures to address climate change
expire and are never renewed or replaced, whiah isnlikely occurrence. Rather, they
have been developed as points of departure toigigtihe implications for energy use
and other human activities of the stabilizatiomasfiative forcing. Each of the modeling
groups could have created a range of other plaus#iérence scenarios by varying
assumptions about rates of economic growth, theasabavailability of alternative
energy options, assumptions about non-climate enriental regulations, and so forth.

Other than to standardize reporting conventions@HA& emissions mitigation policies
(or lack thereof), the three modeling groups devetbtheir reference scenarios
independently as each judged appropriate. As rint€thapter 2, the three models were
developed with somewhat different original desidjeotives. They differ in (a) their
inclusiveness, (b) their specifications of key as$p®f economic structure, and (c) their
choice of values for key parameters. These chaimslead to different
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characterizations of the underlying economic angspalal systems that these models
represent.

Moreover, even if the models were identical in ctte, the independent choice of key
assumptions should lead to differences among siosn&or example, as will be
discussed, the reference scenarios differ in gpacification of the technical details of
virtually every aspect of the future global enesggtem, ranging from the cost and
availability of oil and natural gas to the prospefcrr nuclear power. These differences
affect future reference emissions and the natudecast of stabilization regimes.

Finally, the modeling groups did not attempt torh@nize assumptions about non-
climate-related policies. Such differences mattghln the reference and stabilization
scenarios. For example, the MiniCAM reference sceressumes a larger effect of €H
emission-control technologies deployed for econam@sons, which leads to lower
reference scenario GHmissions than in the reference scenarios fronottier modeling
groups. Similarly, the IGSM modeling group assurtied non-climate concerns would
limit the deployment of nuclear power, while the RIGE and MiniCAM modeling
groups assumed that nuclear power would be allawedrticipate in energy markets on
the basis of energy cost alone.

This variation in modeling approaches and assumsgti® one of the strengths of this
research, for the resulting differences acrossat@ncan help shed light on the
implications of differing assumptions about the kay forces may evolve over time. It
also provides three independent starting pointsdoisideration of stabilization goals.

Although there are many reasons to expect thahtiee reference scenarios would be
different, it is worth noting that the modeling gps met periodically during the research
process to review progress and to exchange infesmakhus, while not adhering to any
formal protocol of standardization, the three refie scenarios are not entirely
independent either.

Development of a reference scenario involves tabaghtion of one path from among a
range of uncertain outcomes. Thus, it should bdaéuremphasized that the three
reference scenarios were not designed in an attengpian the full range of potential
future conditions or to shed light on the proba&pitif the occurrence of future events.
That is a much more ambitious undertaking tharotfereported here.

The remainder of this chapter describes the refersnenarios developed by the three
modeling groups working forward from underlyingwnis to implications for radiative
forcing. (Chapter 4, on the other hand, proceediearother direction, imposing the
stabilization levels on radiative forcing and explg the implications.) Section 3.2
begins with a summary of the underlying socioecarsaasumptions, most notably for
population and economic growth. Section 3.3 disesigise evolution of the global energy
system over the twenty-first century in the absesfaadditional GHG controls and
discusses the associated prices of fuels. The gsenjor is the largest but not the only
source of anthropogenic GHG emissions. Also immbiitathe net uptake or release of
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CO, by the oceans and the terrestrial biosphere. @e8td shows how the three
reference scenarios handle this aspect of theaictien of human activity with natural
Earth systems. Section 3.5 then presents anthropopgmissions, taking into account
both the energy sector and other sources, sudr@siléure and various industrial
activities. The section draws together all thesgoua components to present reference
scenarios of the consequences of anthropogenisemssand the processes of LO
uptake and non-C{as destruction for the ultimate focus of the regeaatmospheric
concentrations and global radiative forcing.

3.2.  Socioeconomic Assumptions

GHGs are a product of modern life. Population irase and economic activity
are major determinants of the scale of human aawiand ultimately of
anthropogenic GHG emissions. In the reference soesahe global population
rises from 6 billion in the year 2000 to betwees &1d 9.9 billion in 2100.
Economic activity grows through 2100 across thégldeveloped nations
continue to expand their economies at historicaésaand developing nations
make significant progress toward improved standaxidsving.

Reference scenarios are grounded in a larger deploigrand economic story. Each uses
population as the basis for developing scenaridbetcale and composition of
economic activity for each region. For populatieswamptions, the IGSM modeling

group adopted a regionally detailed United Nati@hd.) projection for the period 2000-
2050 (UN 2001) and extended this scenario to 2Hdfigunformation from a longer-term
UN study (UN 2000). The MiniCAM assumptions aredzhsn a median scenario by the
U.N. (UN 2005) and a Millennium Assessment Techraween Scenario from the
International Institute for Applied Systems Anaf/éD’'Neal 2005). Near-term

population assumptions for the MERGE scenarios doome the Energy Information
Administration’sinternational Energy Outloak

Table 3.1. Population by Region across Referenea&wms, 2000-2100

Regional populations are given in Table 3.1. Pdpaiancreases substantially across the
reference scenarios by the end of the centuryalbof the scenarios portray the
population growth rate as slowing to near zerapifturning negative, by the end of the
century. As a result, by 2050 more than 75% ofreichange between the year 2000 and
2100 has occurred. A demographic transition frogh thirth and death rates to low death
rates and eventually to low birth rates is a featfrmost demographic scenarios,
reflecting assumptions that birth rates will deelto replacement levels or below. For
some countries, birth rates are already below ceptent levels, and just maintaining
these levels would result in population declinetf@se countries. A key uncertainty in

all demographic scenarios is whether a transitideds-than-replacement levels is a
more or less permanent feature of those countriresenit has occurred and whether such
a pattern will be repeated in other countries.
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The differences among the scenarios lie in nuaot#ss pattern. The MiniCAM
scenarios exhibit a peak in global population adotlve year 2070 at slightly more than 9
billion people, after which the population declines3.6 billion. The MERGE and IGSM
scenarios, on the other hand, both employ demogragkumptions by which the global
population stabilizes but does not decline durlng tentury. By 2100, populations range
from 8.6 to 9.9 billion across the scenarios, whichn increase of roughly 40% to 65%
from the 6 billion on Earth in 2000. In total, tH#&ference between the demographic
scenarios is relatively small: they differ by o886 in 2030 and by less than 10% until
after 2080.

Figure 3.1.  World and U.S. Population across Ref@eécenarios

The variation in population among the scenariagéster for the U.S. than for the globe.
The U.S. population, in the right panel of Figurg, 3ncreases from about 280 million in
the year 2000 to between 335 million and 425 mmlloy 2100. Although the MiniCAM
global population is the lowest of the three scersan 2100, it is the highest for the U.S.
The higher U.S. population in MiniCAM reference s@Bos compared to the scenarios
from the other two modeling groups can be tracedifferent assumptions about net
migration.

As discussed in Chapter 2, GDP, while ostensiblgwput of all three models, is in fact
largely determined by assumptions about labor gty and labor force growth,

which are model inputs. None of the three modedjirapps began with a GDP goal and
derived sets of input factors that would generade level of activity. Rather, each began
with assessments about potential growth ratesior lproductivity and labor force and
used these, through differing mechanisms, to coem@RP. In MiniCAM, labor
productivity and labor force growth are the maiivelrs of GDP growth. In MERGE and
IGSM, savings and investment and productivity gfowtother factors (e.g., materials,
land, and energy) contribute as well. All three eledlerive labor force growth from the
underlying assumptions about population.

The alternative scenarios of population and praditgtgrowth lead to differences
among the three reference scenarios in U.S. GDRtlgras shown in Figure 3.2. There
is relatively little difference among the thregéidories through the year 2020. After
2020, however, the scenarios diverge with the lowesnario (MERGE) having a U.S.
GDP roughly half of that of the highest scenar®3M) by the end of the century. The
labor productivity growth assumptions for the UrSthe IGSM scenario are the highest
of the three, and the U.S. population assumptiomsigo relatively high in the IGSM
scenarios, as seen in Figure 3.1. The relativelgitdabor productivity growth
assumptions used in the MERGE and MiniCAM scendead to lower levels of GDP.
The lower population growth assumptions employetthée"MERGE scenarios give the
MERGE reference scenario the lowest GDP in 2100.

Figure 3.2.  U.S. Economic Growth across Referemem&ios
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Table 3.2 shows GDP across regions in the threearete scenarios. Differences in the
absolute levels of GDP increase result from reddyigmall differences in rates of per
capita growth. Although difficulties arise in conmis@ans of GDP across countries (see
Box 3.1), the growth rates underlying these scesare usefully compared with
historical experience. Table 3.3 presents long-gmomth rates from reconstructed data
showing that consistent rapid growth is a phenomexiondustrialization, starting in the
1800s in North America and Europe and graduallgaging to other areas of the world.
By the end of the period 1950 to 1973, it appe#natthe phenomenon of rapid growth
had taken hold in all major regions of the worlthc® 1973, it has been less clear to what
degree that conclusion holds. Growth slowed inlfhi£0s in most regions, the important
exceptions being China, India, and several SouthEast Asian economies. In Africa,
Latin America, Eastern Europe, and the former Sdvieon, growth slowed in this
period to rates more associated with preindudirags.

Table 3.2. Reference GDP for Key Regions
Table 3.3. Historical Annual Average Per CapitaRaBrowth

--- BOX 3.1: Exchange Rates and Comparisons of Remcome Among Countries ---
Models used in this type of research typically esent the economy in real terms,
following the common assumption that inflation ipuely monetary phenomenon that
does not have real effects, but issues occur irpaoimg income across regions in terms
of what currency exchange rates are most apprepiiéie models do not represent the
factors that govern exchange-rate determination #wedefore, cannot represent changes.
However, modeling international trade in goods nexgueither an exchange rate or a
common currency. Rather than separately model ec@3son native currencies and use
a fixed exchange to convert currencies for tralde giguivalent and simpler approach is
to convert all regions to a common currency at agemarket exchange rates (MER) for
the base year of the model.

At the same time, it is widely recognized that gsmarket exchange rates to compare
countries can have peculiar implications. Countmnigght start with a larger GDP than
country B when converted to a common currency usiagyear’'s exchange rates, and
grow faster in real terms than B, yet could lateveéha lower GDP than B using exchange
rates in that year. This paradoxical situation @ecur if A’s currency depreciates relative
to B’s. Depreciation and appreciation of currentig20% to 50% over just a few years
iIs common, so the example is not extreme. Inténasiaking cross-country comparisons
that are not subject to such peculiarities hasdetbvelopment of indices of international
purchasing power. A widely used index is purchagioger parity (PPP), whose
development was sponsored by the World Bank. PP@itydices have the advantage of
being more stable over time and are thought tebegflect relative living standards
among countries than MER. Thus, analysts drawimgpasisons among countries have
found it preferable to use PPP-type indices raimam MER. Although the empirical
foundation for the indices has been improving,ttie®ry for them remains incomplete,
and thus there is a limited basis on which scesarfduture changes in PPP can be
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developed. Some hypothesize that differences @sseal income gaps narrow, but the
evidence for this outcome is weak, in part dueata dimitations.

Controversy regarding the use of MER arose arone®&RES produced by the IPCC
(Nakicenovic and Swart, 2001) because they wererteg to model economic
convergence among countries, yet reported econattmibutes of the scenarios in MER.
Assessing convergence implies a cross-country cosgpa but that would only be
strictly meaningful if MER measures were corredi@da country’s real international
purchasing power. In developing the scenariosHhisriesearch, no assumptions were
made regarding convergence. Growth prospects dranl parameters for the world’s
economies were assessed relative to their ownritatperformance. The models are
parameterized and simulated in MER, as this isisters with modeling of trade in
goods. To the extent GDP results are providedynateonal comparisons are to made
with great caution; for example, even global GDPdio historical period will differ if
exchange rates of different years are used.

-- END BOX --

With this historical experience as background,difierences in GDP growth among the
reference scenarios can be explained. Demogra@mdd, slowing population, and labor
force growth are responsible for a gradual slovahgverall GDP growth in all three
reference scenarios, and generally for slower droates than in the last half of the
twentieth century. With respect to the developaahtges, the per capita income growth
rate for the U.S. in the IGSM reference scenarabisut the average for North America
for the period 1950-2000. The lower growth for Mi@miCAM reference scenario reflects
an assumption that an aging population will leatbteer labor force participation, and
the result of this demographic maturation is a lofuture rate of per capita GDP growth
compared to history. U.S. growth rates in the MER@&ference scenario are similar to
those of MiniCAM reference scenario.

GDP growth patterns for Western Europe and Japaasianilar to one another within
reference scenarios but vary across models. Th#li@&rence scenario follows the
post World War Il trend in per capita GDP growtht the MiniCAM and MERGE
scenarios anticipate a break from the trend witveloper capita growth in GDP as a
consequence of changes in underlying demograpmdst As for the U.S., the
MiniCAM reference scenario exhibits a decline irieage labor force participation in
other developed regions as populations age, ragutiilower growth in per capita GDP
compared to the IGSM reference scenario. The GD®thrpattern in the MERGE
reference scenario is similar to that of MiniCAMarence scenario.

GDP growth patters for developing regions show tgiredifferences from historical
experience. Notably, all three modeling groups etassumptions leading to consistent
growth in many non- Organization for Economic Caagien and Development (OECD)
regions at rates experienced by industrializinghtoees. However, growth rates are not
homogeneous. Growth in China and India is genehadjiger than for regions such as
Latin America and Africa, as it has been in rea@adades. The IGSM reference scenario
shows show somewhat less growth for the non-OE@iwmne compared to the
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MiniCAM and MERGE reference scenarios. These atque set of possible growth
prospects from each modeling group and are natde to be expressions of what the
groups view as desirable performance. Clearly, mapeal growth in developing
countries, if gains spread to lower income groufikinvthese regions, could be the basis
for improving the outlook for people in these areas

3.3. Energy Use, Prices, and Technology

In the reference scenarios, global primary energgsumption expands
dramatically over the century, growing to betweesn8 4 times its 2000 level of
roughly 400 EJ. This growth results from a comborabf forces, including
rising economic activity, increasing efficiencyeoiergy use, and changes in
energy consumption patterns. Growth in per capitargy consumption occurs
despite a continuous decline in the energy intgridieconomic activity. The
improvement in energy intensity reflects, in passumptions of substantial
technological change in all three reference scepsri

Fossil fuels provided almost 90% of the energy Bujpthe year 2000 and
remain the dominant energy source in all threenefee scenarios throughout
the twenty-first century despite a phasing outasfventional petroleum
resources. In all three reference scenarios a raoig®ssil resources is available
to supply the bulk of the world’s increasing demémdenergy. Differing among
the scenarios, however, is the mix of fossil fuehe IGSM reference scenario
has relatively more oil, derived from shale; the RIEE scenario has relatively
more coal with a substantial amount of the increased to produce liquid fuels;
and the MiniCAM scenario has relatively more natwas.

In all three reference scenarios, non-fossil fusrgy use grows substantially,
reaching levels in 2100 that are roughly % times ldtle over total global

energy consumption in 2000. The reference scendiifes in terms of the mix of
non-fossil resources. The substantial growth in-fassil fuel energy use does not
forestall substantial growth in fossil fuel consuiap.

3.3.1. The Evolving Structure of Energy Use

Energy production is closely associated with emorssiof GHGs, particularly CO
because of the dominant role of fossil fuels. FegBu3 shows global primary energy use
over the century and its composition by fuel typéhie three reference scenarios. Not
surprisingly, given the assumptions about econaroevth, all of the reference scenarios
show substantial growth in primary energy use: fapproximately 400 EJ/yr in the year
2000 to roughly between 1275 EJ/yr and 1500 Ey/ythb end of this century. Combined
with population growth, all three reference scemamclude a growing per capita use of
energy for the world (Figure 3.4). The per capitangh for the world is very similar for
MiniCAM and IGSM reference scenarios, with trendsecging somewhat late in the
century. The MERGE reference scenario has relgtslewer growth in per capita use
early in the century, with accelerated growth la@m the other hand, per capita energy
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use in the U.S. differs substantially among thenezice scenarios. U.S. per capita energy
use in MERGE and IGSM reference scenarios increadestantially, while it declines
gradually over the century in the MiniCAM refererszenario.

Figure 3.3.  Global and U.S. Primary Energy Consumnpby Fuel across
Reference Scenarios

Figure 3.4.  Global and U.S. Primary Energy ConsuongPer Capita across
Reference Scenarios

The growth in total and per capita primary energgstmption arises despite substantial
improvements in energy technology assumed in edktlscenarios. Figure 3.5 displays
the ratio of U.S. energy to GDP (energy intensitynputed for each of the three
reference scenarios. The ratio declines througth@utentury in all three. These patterns
represent a continuation of changes in energy sitiethat have occurred in recent
decades in the U.S. In 2100, each dollar of reaP@Bn be produced with only 40% of
the energy used in 2000 in the MERGE referenceast®ronly 30% of the energy in the
IGSM scenario, and only 25% in the MiniCAM scenario

Figure 3.5.  U.S. Primary Energy Intensity: Consuompper Dollar of GDP
across Reference Scenarios

Globally and in the U.S., energy consumption oterdentury remains dominated by
fossil fuels. In this sense, the three referene@agos tell a consistent story about future
global energy, and all three run counter to thevieat the world is running out of fossil
fuels. Although reserves and resources of conveatioil and gas are limited in all three
reference scenarios, the same cannot be said lohredainconventional liquids and
gases. In all three reference scenarios, the vemddomy moves from current
conventional fossil resources to increased explortaof the extensive (if more costly)
global resources of heavy oils, tar sands, ancessigland to synfuels derived from coal.
The three scenarios exhibit a different mix of thesurces. The IGSM reference scenario
exhibits a relatively higher share of oil produatigncluding unconventional oil); the
MERGE reference scenario exhibits a relatively Brgtpal share; and the MiniCAM
reference scenario exhibits a higher share forrabgias.

The relative contribution of oil to primary energypply differs across the reference
scenarios, but all three include a decline in theees of conventional oil. Thus, these
scenarios represent three variations on a therapesfyy transition precipitated by
limited availability of conventional oil and contiad expansion of final demands for
liquid fuels, mainly for passenger and freight sport.

In the IGSM reference scenario, limits on the akility of conventional oil resources
lead to the development of technologies to explodonventional olil, i.e., oil sands,
heavy oils, and shale oil. These resources are kmg impose no meaningful constraint
on production during the twenty-first century. Thdsspite the fact that production costs
are higher than for conventional oil, total oil guztion (conventional plus shale)
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expands throughout the century, although oil asragry energy source declines as a
share of total energy with the passage of time.

The transition plays out differently in the MERG&arence scenario. Although it begins
the same way (that is, the transition is initidbgdimits on conventional oil resources),
declining production of conventional oil leads igher oil prices and makes alternative
fuels, especially those derived from coal liquatatteconomically competitive. Thus,
there is a transition away from conventional oildaas) and a corresponding expansion
of coal production. The large difference betweenMERGE and IGSM scenarios
regarding primary oil thus reflects the role of Idiguefaction rather than a
fundamentally different scenario of the need fquid fuels.

The MiniCAM reference scenario depicts yet a tipogsible transition. Again, it begins
with limited conventional oil resources leadinghigher oil prices. Higher oil prices then
lead to the development and deployment of techmedapat access unconventional oll,
such as oil sands, heavy oils, and shale oils. Mevwyé also leads to expanded
production of natural gas and to expanded prodaafaoal to produce synthetic liquids
(as in the MERGE scenario).

Figure 3.3 also reflects assumptions about the awiéitly of low-cost alternatives to
conventional fossil fuels. In all three scenarimms)-fossil supplies increase both their
absolute and relative roles in providing energihtoglobal economy, with their share
growing to roughly 20% to 30% of total supply by0P1In the IGSM scenario, which
shows the lowest consumption of non-fossil resayritee magnitude of total
consumption of these resources in 2100 is 65%iteec$ the total global primary energy
production in 2000, which is more than a 500% iaseein the level of production of
non-fossil energy. In the MERGE reference scenarioch has the highest contribution
from non-fossil resources, total consumption fréwese sources in 2100 exceeds total
primary energy consumption in 2000. Despite thaagh, the continued availability of
relatively low-cost fossil energy supplies, comhiveth continued improvements in the
efficiency with which they are used, allows fossiergy forms to remain competitive
throughout the century.

The three reference scenarios tell different ssoaigout non-fossil energy (much of
which is covered below in the discussion of eletlrigeneration). The IGSM reference
scenario assumes political limits on the expansfamuclear power, so it grows only to
about 50% above of the 2000 level by 2100. Howey@nwing demands for energy and
for liquid fuels in particular lead to the developmt and expansion of bioenergy, both
absolutely and as percentage of total primary gnerg

In contrast, the MERGE reference scenario assuna¢stnew generation of nuclear
technology becomes available and that societiestibmit its market penetration, so the
share of nuclear power in the economy grows wittetiln addition, renewable energy
forms, both commercial biomass and other forms sisclind and solar, expand
production during the century.
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The MiniCAM reference scenario also assumes theadoiity of a new generation of
nuclear energy technology that is both cost cortipetand unrestrained by public
policy. Nuclear power, therefore, increases maskare although not to the extent found
in the MERGE reference scenario. Non-biomass rebenenergy supplies become
increasingly competitive as well. In the MiniCAMfegence scenario, bioenergy
production is predominantly recycled wastes, withaest contribution from
commercial biomass farming toward the end of theug.

The three reference scenarios for the U.S. ardasiimicharacter to the global ones, as
also shown in Figure 3.3. The transition from inexgive and abundant conventional oil
to alternative sources of liquid fuels and eledlyiaffects energy markets and patterns in
the U.S. However, energy demands grow somewhat shandy in the U.S. than in the
world in general. As with the world total, the Ughergy system remains dominated by
fossil fuels in all three reference scenarios. HiERGE and IGSM reference scenarios
have similar contributions from non-fossil enerfgyt the sources in the MERGE
reference scenario are predominantly nuclear amer oenewables, whereas it is biomass
in the IGSM reference scenario. The MiniCAM refarescenario has the smallest
overall contribution from non-fossil sources spéitatively evenly between nuclear,
biomass, and other renewables.

3.3.2. Trends in Fuel Prices

Historically, oil prices have been highly variabhath the volatility apparently often
related to political events. Figure 3.6 plots aitps from 1947 forward. Prices were in
the $15 to $20 range (in the constant 2006 dadlacsvn in the figure) until the increases
in the 1970s and early 1980s that resulted fromugdigns in the Middle East. In
inflation-adjusted terms, prices declined from emkihe late 1970s to vary around the
$20 level in the latter half of the 1980s and 1990 period 2000 to 2005 has again
seen rising prices of oil and other fossil energyrses, which suggests the possibility of
a long-term trend toward rising prices. Depletitona would suggest rising prices
because of a combination of rents associated withiged resource and the exhaustion
of easily recoverable grades of oil. Global dememwtinues to grow, putting increasing
pressure on supply. Improving technology that redube cost of recovering known
deposits, facilitates discovery of new depositsl, makes recovery of previously
unrecoverable deposits economical is opposing ttoeses toward higher prices.

Figure 3.6.  Long-Term Historical Crude Oil Prices

The three models used for these scenarios emplwydieps of 5 to 15 years (see Chapter
2) and, thus, are not set up to analyze short-tammability in prices. Their long-term
trends are best interpreted as multi-year averages.

The three scenarios paint similar, but by no méderstical, pictures of future energy
prices. The price paths in the three referenceastmnreflect assumptions regarding both
energy resources and energy technologies, andstiegllight on these assumptions. For
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example, the price of oil determines the margiat of bioenergy, which in turn is a
reflection of the technology options assumed atstgl&or its production.

Figure 3.7 shows mine-mouth coal prices, elecyrigibducer prices, natural gas
producer prices for the U.S., and the world oiteriAll four energy markets — oil,

natural gas, coal, and electricity — are shapethéwupply of and demand for these
commodities. These fuels also are interconnectedus® users can substitute one fuel
for another, thus higher prices in one fuel mavidttend to increase demand for and the
price of other fuels. Oil markets are driven by tiseng cost of conventional oil and the
transition to more expensive unconventional soutcesipply a growing demand for
liquid fuels, mainly for transportation. Thus, tiéprices in the scenarios result from the
interplay between increasing the demands for liduédls, the available technology, and
the availability of liquids derived from these atls®urces.

Figure 3.7. Indices of Energy Prices across Reter&tenarios

Natural gas prices tell a similar story. Assumpgiosgarding the ultimately recoverable
natural gas resource vary, as does the cost steuatuhe resource, leading to differences
among the models. Like the demand for oil, the dedrfar natural gas grows, driven by
increasing population and per capita incomes. Asasase for oil, the price of gas tends
to be driven higher in the transition from inexpgasonventional resources to less
easily accessible grades of the resource and #iigubs, such as gas derived from coal
or biological sources. The different degrees amekraf price escalation reflect different
technology assumptions in the three reference sosna

Coal prices do not rise as fast as oil and nagaalprices in any of the three reference
scenarios. The reason is the abundance of theesmlrce base. The different patterns of
coal price movement with time in the three scersaréflect differences in assumptions
about the rate of resource depletion, its gradettre, and improvements in extraction
technology.

The stability of electricity prices compared witih@and natural gas prices is a reflection
of the variety of technologies and of fuels avdeaio produce electricity, their
improvement over time, and the fact that fuel & jpne component of the cost of
electricity. The details underlying this electrector development are reported next.

3.3.3. Electricity Production and Technology

Electricity production steadily increases in bdta U.S. and the world, although the
scale and generation mix differ among the threeates (Figure 3.8). Here, production
is reported in units of electrical output—not urafenergy input—by generation type in
the U.S. and the world. All the scenarios depicbatinued role for coal. The IGSM
reference scenario is dominated by coal, which @usofor more than half of all power
production by the end of the twenty-first centuriais characteristic of the IGSM
reference scenario is consistent with its limiteolgh in nuclear power. In contrast,
nuclear energy penetrates the market based on meoperformance, and non-biomass
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renewable energy gains market share in the MER@&fferece scenario. Limited natural
gas resources lead to a peak and decline in gan tisefirst half of the century. In the
MiniCAM reference scenario, coal supplies the latghare of power, but natural gas is
relatively abundant and provides a significant ijporas well, as do nuclear and non-
biomass renewable energy forms.

Figure 3.8.  Global and U. S. Electricity ProductmnSource across
Reference Scenarios

3.3.4. Non-Electric Energy Use

An important consideration in scenarios of the fetenergy system is conversion losses
as relatively lower-grade resources are conveddilgher-grade fuels for use in final
applications such as space conditioning, lightargl to provide mechanical power.
Figure 3.9 identifies the energy content of primiamgis for the U.S. in the year 2000 and
where conversion losses occur. It shows the erlesgyin the conversion from fuel to
electricity to be 28.1 Quads (1 Quad is equal @3 EJ) while the energy content of the
electricity is 12.3 Quads. Other losses occur wihets are used to create the mechanical
power to, for example, propel vehicles or whencegficy of conversion to heat, light, or
mechanical energy is less that 100%. The potefatiaeducing such losses is one reason
why energy intensity of the economy can continugenjrove.

Figure 3.9.  U.S. Energy Flow Diagram and Non-EleatrEnergy Use for the
Year 2000

However, in the future other fuel transformatiotiattes may become important and
fundamentally change energy-flow patterns, as mghade resources are exhausted and
lower-grade resources that require more convemiemsed. As already discussed, the
potential exists for coal and commercial biomassga@onverted to liquids and gases—a
technology thus far implemented only at a smallesdaurthermore, fuels and electricity
may be transformed into hydrogen, creating funddatlgmew branches of the system.
Like electricity, these new branches will have aension losses, and those losses can be
important.

Figure 3.10 shows non-electric energy use in tlegeace scenario, and it is important to
realize that these patterns of non-electric use @s imply significant conversion losses.
This prospect plays a strong role in the MERGErssfee scenario, in which coal and
biomass goes into liquefaction and gasificatiom{gdaTo a lesser extent, these
conversions are also present in the MiniCAM andNG®enarios. In addition, in the
MiniCAM reference scenario some nuclear and renéwvatergy appears in non-
electricity uses to produce hydrogen; and the MER&E&rence scenario also includes
some generation of hydrogen from renewables soultdise IGSM and MiniCAM
reference scenarios, oil use is the largest simgheelectric energy use, reflecting a
continuing growth in demand for liquids by the spartation sectors. In the MERGE
reference scenario, increasingly expensive conveatioil is supplanted by coal-based
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liquids. This phenomenon also has implicationsefegrgy intensity in that improvements
in end-use energy intensity can be offset, in fripsses in converting primary fuels to
end-use liquids or gases.

Figure 3.10 Global and U.S. Primary Energy Consumeédon-Electric
Applications across Reference Scenarios

3.4. Land Use and Land-Use Change

The three reference scenarios take different apgrea to emissions from land
use and land-use change. The MERGE reference soeassumes that the
biosphere makes no net contribution to the carbaec In the IGSM and
MiniCAM reference scenarios, the net contributidrihe terrestrial biosphere is
to remove carbon from the atmosphere, which re$idta the countervailing
forces of land-use change emissions from defoiestand other human
activities and the net uptake from unmanaged system

An important aspect of land use and land-use chantee scenarios from all three
modeling groups is the production of bio-fuels éoergy. Both IGSM and MiniCAM

take account of the competition for scarce landueses. MERGE takes the availability
of bio-fuels as an exogenous input based on extr@eiranalysis. Production of crops
grown for bio-fuel use is displayed in Figure 3.Ihe IGSM and MiniCAM scenarios

use somewhat different definitions, which accowanttie difference in 2000. The
numbers presented for the IGSM scenarios represiynthe production of biomass
energy beyond that now used and does not explitidgel traditional use of biomass or,
for example, the own-use of wood wastes for enarglge forest products industry. The
numbers from the MiniCAM scenarios explicitly acabdor some current uses of
biomass energy, such as that used in the pulp @per pndustry, and separately considers
the future potential for bio-fuels derived from wessand residue along with energy crops
grown explicitly for their energy content.

Figure 3.11  Global and U.S. Production of Biomassrgy across Reference
Scenarios

Apparent differences among the models need to bsidered in light of this differential
accounting. The MiniCAM reference scenario bionmassluction tends to be higher,
especially in early years, because it is accountiagte and residue-derived bio-fuels
explicitly. These waste and residue-derived bidsaecount for all of the biomass
production in the MiniCAM reference scenario in galy part of the century and the
majority of all biomass production at the end @& tentury. The IGSM reference
scenario exhibits a strongly growing productiorbmi-fuels beginning after the year
2020. Deployment in the IGSM reference scenardriigen primarily by a world oil
price that in the year 2100 is over 4.5 times theegan the year 2000. In contrast, the
MiniCAM reference scenario, with its lower long+tekvorld oil price, includes
insufficient incentive to create a substantial neaflor biomass crops in the reference
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scenario. However, the MiniCAM reference scenaaedlinclude an increasing share of
the potentially recoverable bio-waste as a souremergy.

Land use has implications for the carbon cycle e WGSM applies its component
Terrestrial Ecosystem Model with a prescribed sgerdd land use, and this land-use
pattern is employed in all scenarios. Thus, inl@8M scenarios commercial biomass
production must compete with other agriculturahaii¢s for cultivated land, but the
extent of cultivated land does not change from aderno scenario. Because the land-use
pattern is fixed in IGSM, changes in the net fldixcarbon to the atmosphere reflect the
behavior of the terrestrial ecosystem in respoos#tanges in Coand climatic effects
that are considered within the IGSM’s Earth systemmponent. Taken together, these
effects lead to the negative net emissions fronmefrestrial ecosystem shown in Figure
3.12, which contrasts with the neutral biosphesaiaed in the MERGE reference
scenario.

Figure 3.12. Global Net Emissions of £ftom Terrestrial Systems Including
Net Deforestation across Reference Scenarios

MiniCAM uses the terrestrial carbon cycle modeMAGICC (Wigley 1993) to

determine the aggregate net carbon flux to the sppmere. However, unlike either IGSM
or MERGE, MiniCAM determines the level of terreatiemissions as an output from an
integrated agriculture-land-use module rather #eathe product of a terrestrial model
with fixed land use. Thus, the MiniCAM scenariohigmts the same types of GO
fertilization effects as the IGSM scenarios, blgo represents interactions between the
agriculture sector and the distribution of natweatestrial carbon stocks.

3.5. Emissions, Concentrations, and Radiative Forcm

The growth in the global economy that is assumebemreference scenarios and
the changes in the composition of the global ensygyem lead to growing
emissions of GHGs over the century. Emissions fossil fuel burning and
cement production more than triple from 2000 to@iiOthe reference scenarios.
With growing emissions, GHG concentrations risessattially over the twenty-
first century, withCO, concentrations increasing to 2 ¥z to over 3 tinfes t
preindustrial concentration. Increases in the camtcations of the nor€O,

GHGs vary more widely across the reference scenatflibe increase in radiative
forcing ranges from 6.4 Wfrto 8.6 Wrif from the year 2000 level with the non-
CO, GHGs accounting for 20% to 25% of the instantarsgfoucing in 2100.

Moderating the effect on the atmosphere of anthgepec CQ emissions is the
net uptake by the ocean and the terrestrial biosph&s atmospheric CQyrows

in the reference scenarios, the rate of net uptakthe ocean increases as well.
Also, mainly through the effects of gértilization, increasing atmospheric levels
of CQ, spur plant growth and net carbon uptake by thestrial biosphere.
Differences among scenarios of these effects iangaurt, a reflection of variation
in their sub-models of the carbon cycle.
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3.5.1. Greenhouse Gas Emissions
3.5.1.1. Calculating Greenhouse Gas Emissions

Emissions of C@from fossil fuels are the sum of emissions froroheaf the different
fuel types, and for each type, emissions are thdymt of a fuel-specific emissions
coefficient and the total combustion of that fuetceptions to this treatment occur if a
fossil fuel is used in a non-energy applicatiog.(eas a feedstock for plastic) or if the
carbon is captured and stored in isolation fromatimeosphere. All three of the modeling
groups assumed the availability of CCS technologrestreated the leakage from such
storage as zero over the time period considerédusmesearch, although they assumed
that technologies for capturing carbon do not capl®0 percent of the GOCCS incurs
costs additional to the generation process withttendant benefits absent actions to
constrain carbon emissions, so they are not uriderta the reference scenarios.

Although bioenergy such as wood, organic waste stiraav are hydrocarbons like the
fossil fuels (only much younger), they are treasdf their use had no net carbon release
to the atmosphere. Any fossil fuels used in theitivation, processing, transport, and
refining are accounted for. Nuclear and non-biommasswables, such as wind, solar, and
hydroelectric power, have no direct €émissions and are given a zero coefficient. Like
bioenergy, emissions associated with the constmethd operation of conversion
facilities are accounted with the associated engjtsource.

The calculation of net emissions from terrestr@systems, including land-use change,
is more complicated, and each model employs its teefinique. IGSM employs the
Terrestrial Ecosystem Model, which is a state-@fdint terrestrial carbon-cycle model
with a detailed, geographically disaggregated sgrtation of terrestrial ecosystems and
associated stocks and flows of carbon on the [&hd.IGSM scenarios, therefore,
incorporates fluxes to the atmosphere as a dyneesponse of managed and unmanaged
terrestrial systems to the changes in the climatkasimospheric composition.

MiniCAM builds its net terrestrial carbon flux bymming both emissions from changes
in the stocks of carbon from human-induced landalssge and the natural system
response, represented in the reduced-form temkstibon module of MAGICC. As
noted above, MiniCAM employs a simpler reduced-foepresentation of terrestrial
carbon reservoirs and fluxes; however, its scenafially integrated with its agriculture
and land-use module, which in turn is directly Bdkto energy and economic activity in
the energy portion of the model. As noted above MiERGE modeling group assumed
no net emissions from the terrestrial biosphere.

Differing approaches among the modeling groupsiaegl to account for the non-gO
GHGs. They begin with a current inventory of thgases and link growth in emissions
to relevant activity levels. Because emissionsagsociated with very narrow activities,
in some cases below the sectoral resolution oifrthéels, emissions growth may be

3-15



O©CoOoO~NOOUIS, WN B

CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

benchmarked to more detailed forecasts of actssitbetails of these methods are
included in the referenced papers that documesethedels.

3.5.1.2. Reference Scenarios of Fossil Fuel gBmissions

All three reference scenarios foresee a transitmm conventional oil production to
some other source of liquid fuels based primaniyother fossil sources, either
unconventional liquids or coal. As a consequenaghan-to-energy ratios cease their
historic pattern of decline, as can be seen inrféi@ul3. While the particulars of the
scenarios differ, no scenario shows a dramaticateatuin carbon intensity over this
century.

Figure 3.13. Global and U.S. GEmissions from Fossil Fuel Consumption and
Industrial Sources Relative to Primary Energy Comstion

Substantial increases in total energy use withriitie decline in carbon intensity lead

to the substantial increases in £€nissions per capita (Figure 3.14) and in globtzl$
(Figure 3.15). Emissions of G@&om fossil fuel use and industrial processesease

from less than 7 GtC/yr in 2000 to between 22.52060 GtC/yr by 2100. These
emissions are higher than in earlier studies sad®@2a, where emissions were 20
GtClyr (Leggett et al. 1992). Emissions from thesference scenarios are closer to those
from the higher scenarios in the IPCC SRES (Nakigenand Swart 2000); particularly
those included under the headings Alf and A2. Bndssions trajectories are more
varied than the global trajectories. By 2100, &issions are between 2 GtC/yr and 5
GtClyr.

Figure 3.14 World and U.S. G&missions per Capita across Reference
Scenarios

Figure 3.15 Global and U.S. Emissions of @m Fossil Fuels and Industrial
Sources across Reference Scenarios

The three scenarios display a larger share of @nisgrowth outside of the Annex |
nations (the developed nations of the OECD as agclastern Europe and the former
Soviet Uniort) as shown in Figure 3.16. Annex | emissions agédst and non-Annex |
emissions lowest in the IGSM reference. At leagidn, this is because of two factors
underlying the IGSM scenarios. First, the demamdidoids is satisfied by expanding
production of unconventional oil, which has relativhigh carbon emissions at the point
of production. The U.S., with major resources dlsloil, switches from being an oill
importer to an exporter but is responsible for,€@issions associated with shale oil

! Annex | is defined in the U.N. Framework Conventim Climate Change (FCCC). However, since the
FCCC entered into force, the Soviet Union has bmake As a consequence, some of the republidseof t
former Soviet Union are now considered developiatiopms and do not have the same obligations as the
Russian Federation under the FCCC. Thus, stggthaking, the aggregations employed by the three
modeling groups may not precisely align with thegemt partition of the world’s nations. Howevég t
guantitative implications of these differences sall.
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production. Second, assumed rates of productiviyth in non-Annex | nations are
lower in the IGSM scenario than in those of theeotivo models.

Figure 3.16. Global Emissions of Fossil Fuel ardubtrial CQ by Annex |
and Non-Annex | Countries across Reference Scexnario

In contrast, the MERGE reference scenario assunadiquids come primarily from
coal, a fuel that is more broadly distributed atime world than unconventional oils.
The MERGE scenario also exhibits higher rates lmdigroductivity in the non-Annex |
nations than the IGSM scenario. Finally, the MERSBEnario has a greater deployment
of nuclear generation, leading to generally lowaabon-to-energy ratios. These three
features combine to produce lower Annex | emissamshigher non-Annex | emissions
than in the IGSM reference scenario. The MiniCANerence scenario has Annex |
emissions similar to those of the MERGE referermmamario, but higher non-Annex |
fossil fuel and industrial C£emissions.

The range of global fossil fuel and industrial £gnissions across the three reference
scenarios is relatively narrow compared with theeutainty inherent in these
developments over a century. While it is beyondsitape of this research to conduct a
formal uncertainty or error analysis, both highed éower emissions trajectories could
be constructed.

There are at least two approaches to developiegsilde context in which to view these
scenarios. One is to compare them with others mexdiby analysts who have taken on
the same or a largely similar task. The literatumeemissions scenarios is populated by
hundreds of scenarios of future fossil fuel andistdal CQ emissions. Figure 3.17
gives some sense of what earlier efforts have medlualthough they should be used
with care. Many were developed at earlier timesraag be significantly at variance

with events as they have already unfolded. Alsceffimrt was undertaken in constructing
the collection in the figure to weight scenariostfee quality of underlying analysis.
Scenarios for which no underlying trajectories opplation or GDP are available are
mixed in with efforts that incorporate the combiveéddom of a large team of
interdisciplinary researchers working over the seuwf years. Moreover, it is not clear
that the observations are independent. The clasteii year 2100 fossil fuel and
industrial CQ emissions around 20 PgC/yr (20 GtCl/yr) in bothghee and post-IPCC
TAR time frames coincides closely with the IPCC28%cenario (Leggett et al. 1992).
Many later scenarios were simply tuned to it, sorat independent assessments. For
these reasons and others, looking to the opeatitex can provide some information, but
caution in interpreting literature compilationsnarranted.

Figure 3.17. Global Fossil Fuel and Industrial @arEmissions: Historical
Development and Scenarios

Another approach to provide a context is systemataertainty analysis. There have now
been several such analyses, including efforts bylhaus and Yohe (1983), Reilly et al.
(1987), Manne and Richels (1994), Scott et al. 208nd Webster et al. (2002). These
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studies contain many valuable lessons and insi§lbtsthe purposes of this research, one
useful product of these uncertainty studies isgpression of the position of any one
scenario within the window of futures that mighspa test of plausibility. Also useful is
the way that the distribution of outcomes is skewp@iard—an expected outcome when
one considers that many model inputs, and indeesls@ns themselves, are constrained
to be greater than zero. Naturally, these unceytamculations present their own
problems as well (Webster 2003).

3.5.1.3.  Future Scenarios of Anthropogenic CiHand N,O Emissions

The range of emissions for Gldnd NO is wider than for Cg as can be see in Figure
3.18. Base-year emissions in the MERGE and MiniCreldérence scenarios are similar
for N,O but diverge for Chl In the IGSM reference scenario, £émissions are higher

in the year 2000 than in the other scenarios,ctifig an independent assessment of
historical emissions and uncertainty in the scfenliterature regarding even historic
emissions. Note that the IGSM reference scenasat@rrespondingly lower natural
CH, source (from wetlands and termites) that is notshin Figure 3.18, balancing the
observed concentration change, rate of oxidatiod,retural and anthropogenic sources.

Figure 3.18. Global ClHand NO Emissions across Reference Scenarios

Both the IGSM and MERGE reference scenarios exbkibadily growing Chlemissions
throughout the twenty-first century as a consegeeari¢he growth of Clitproducing
activities such as ruminant livestock herds, naiaa use, and landfills. Unlike GClor
which the combustion of fossil fuels leads ineviyalbo emissions without capture and
storage, slight changes in activities can substhiytieduce emissions of the non-£O
gases (Reilly et al. 2003). The MiniCAM referencergario assumes that despite the
expansion of human activities traditionally asstexlavith CH, production, emissions
control technologies will be deployed in the refere scenario in response to local
environmental controls. This leads the MiniCAM refece scenario to exhibit a peak and
decline in CH emissions in the reference scenario.

3.5.1.4. Future Scenarios of Anthropogenic F-Gas Essions

A set of industrial products that act as GHGs amalmned under the term, F-

gases, which refers to a compound that is commdimetm, fluorine. Several are
replacements for the CFCs that have been phasachdat the Montreal Protocol. They
are usefully divided into two groups: (1) a grodpié-Cs, most of which are short-lived,
and (2) the long-lived PFCs andgSFigure 3.19 presents the reference scenarios for
these gases. The IGSM and MERGE reference sceraiiilsit strong growth in the
short-lived species, while MiniCAM reference sceo&xhibits about half as much
growth over the century. Emissions of the long4digmses are very similar among the
reference scenarios. PFCs are used in semiconduauction and are emitted as a
byproduct of aluminum smelting; they can be avoidddtively cheaply. Emissions from
the main use of SHn electric switchgear can easily be abated byalety to minimize
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venting to the atmosphere. Many of the abatementitaes have already been
undertaken, and the modeling groups assumed tHegontinue to be used.

Figure 3.19 Global Emissions of Short-Lived and grived F-Gases across
Reference Scenarios

3.5.2. The Carbon Cycle: Net Ocean and Terrestrial O, Uptake

The stock of carbon in the atmosphere at any tsetermined from an initial
concentration of C&to which is added anthropogenic emissions frorsifdsel and
industrial sources and from which is subtractedGf@t transfer from the atmosphere to
the ocean and terrestrial systems. Each of the fhaicipating models represents these
processes differently.

The three reference scenarios display strong isesei@m ocean uptake of G&hown in
Figure 3.20, reflecting model mechanisms that becmuoreasingly active as GO
accumulates in the atmosphere. The IGSM refererergasio has the least active ocean,
which results from its three-dimensional oceanesentation that shows less uptake, in
part, as a result of rising water temperatures@@dgllevels in the surface layer and, in
part, as a result of a slowing of mixing into treeed ocean. The MERGE reference
scenario has the most active ocean, and uptakegaidinue to increase over the
century. As will be discussed in Chapter 4, theg¢twcean models produce more similar
behavior in the stabilization scenarios; for exampie MERGE and MiniCAM Level 1
and Level 2 scenarios have almost identical ocgtake.

Figure 3.20. C@Uptake from Oceans across Reference Scenarios

As discussed above, the net transfer of @&m the atmosphere to terrestrial systems
includes many processes, such as deforestatiol{wtansfers carbon from the land to
the atmosphere), uptake from forest regrowth, hedet effects of atmospheric €énd
climate conditions on vegetation. As noted earMERGE employs a neutral biosphere:
by assumption, its net uptake is zero with procefisat store carbon assumed to just
offset those that release it. Taken together \atimiore active ocean system in the
reference scenario, the behavior of the carboredyciotal is similar to the other two
models, especially MiniCAM. IGSM and MiniCAM emplagctive terrestrial biospheres,
which on balance remove carbon from the atmosplsrshown in Figure 3.12. Both the
MiniCAM and the IGSM reference scenarios displag et effects of deforestation,
which declines in the second half of the centuoynbined with terrestrial processes that
accumulate carbon in existing terrestrial reses/dihe IGSM reference scenario also
includes feedback effects of changing climate.

3.5.3. Greenhouse Gas Concentrations
Radiative forcing is related to the concentratioh&HGs in the atmosphere. The

relationship between emissions and concentratib@Hess is discussed in Box 3.2. The
concentration of gases that reside in the atmosgfbetong periods of time — decades to
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millennia — is more closely related to cumulativeigsions than to annual emissions. In
particular, this is true for CQthe gas responsible for the largest contributtoradiative
forcing. This relationship can be seen for G®Figure 3.21, where cumulative

emissions over the period 2000 to 2100, from theetiheference scenarios and the twelve
stabilization scenarios, are plotted against the €@centration in the year 2100. The
plots for all three models lie on essentially theng line, indicating that despite
considerable differences in representation of tihegsses that govern G0Optake, the
aggregate response to increased emissions is ingitgrs This basic linear relationship
also holds for other long-lived gases, such #3,\6F, and the long-lived F-gases.

Figure 3.21. Relationship between Cumulative, E@issions from Fossil Fuel
Combustion and Industrial Sources, 2000-2100, anab&pheric
Concentrations across All Scenarios

GHG concentrations rise in all three reference ades. As shown in Figure 3.22, GO
concentrations increase from 370 ppmv in year 20@»mewhere in the range of 700 to
875 ppmv in 2100. The preindustrial concentratib@0, was approximately 280 ppmv.
While all three reference scenarios display theesartreasing pattern, by the year 2100
there is a difference of approximately 175 ppmv agite three scenarios. This
difference has implications for radiative forcingdeemissions mitigation (discussed in
Chapter 4).

Figure 3.22. Atmospheric Concentrations of COH,, N,O, and F-gases
across the Reference Scenarios

Increases in the concentrations of the non-GEIGs vary across the reference scenarios.
The concentrations of Grand NO in the MiniCAM reference scenario are on the low
end of the range, reflecting assumptions discuabete about use of GHor energy.

The IGSM reference scenario has the highest coratamnt levels for all of the
substances. The differences mainly reflect diffeesnn anthropogenic emissions, but
they also are influenced by the way each modelsmeatural emissions and sinks for the
gases. The IGSM scenarios includes climate andsgthasic feedbacks to natural
systems, which tend to result in an increase inrademissions of CiHand NO. Also,
increases in other pollutants generally lengtheritbtime of CH in the IGSM scenarios
because the other pollutants deplete the atmosplhéne hydroxyl radical (OH), which

is the removal mechanism for GH hese feedbacks tend to amplify the difference in
anthropogenic emissions among the reference sosndiie concentrations of the short-
lived and long-lived F-gases are also presenté&iguare 3.22.

3.5.4. Radiative Forcing from Greenhouse Gases

Contributions to radiative forcing are a combinatad the abundance of the gas in the
atmosphere and its heat-trapping potential (radkagfficiency). Of the directly released
anthropogenic gases, @@ the most abundant, measured in parts per milttte others
are measured in parts per billion. However, theo@®HGs are about 24 times (gHo
200 times (NO), to thousands of times (S&1d PFCs) more radiatively efficient than
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CO,. Thus, what they lack in abundance they make gprigart, with radiative
efficiency. However, among these substances, i€&till the main contributor to
increased radiative forcing from preindustrial tsvad all three reference scenarios
exhibit an increasing relative contribution from £0

The three models display essentially the sameoaktiip between GHG concentrations
and radiative forcing, so the three reference seemalso all exhibit higher radiative
forcing, growing from roughly 2.2 Wihabove preindustrial in 2000 to between 6.4 Wm
2and 8.6 Wrif in 2100. The differences among radiative forcim@100 imply

differences in the amount of emissions reductieqsiired to stabilize as the four
radiative forcing levels in this research. The amoiss reductions required for
stabilization in the IGSM stabilization scenarios aubstantially larger than those
required in the MiniCAM stabilization scenarioschase the radiative forcing reaches
8.6 Wni% in 2100 in the IGSM reference scenario and 6.4 ¥¥mthe MiniCAM

reference scenario.

All three reference scenarios show that the redatontribution of C@will increase in

the future, as shown in Figure 3.23. From preimiigimes to the present, the non-£O
gases examined in this research contribute sligtitbve 30% of the estimated forcing. In
the IGSM reference scenario, the contribution efribn-CQ gases falls slightly to about
26% by 2100. The MiniCAM reference scenario inchiigle additional increase in
forcing for non-CQ gases, largely as a result of assumptions regatidencontrol of

CH, emissions for non-climate reasons, and thus lessghare falling to about 18% by
2100. The MERGE reference scenario is intermedvetl, the non-CQ contribution

falling to about 24%.

Figure 3.23. Radiative Forcing by Gas across Reter&cenarios

From the discussion above, it can be seen thahtke reference scenarios contain many
large-scale similarities. All have expanding gloeaérgy systems, all remain dominated
by fossil fuel use throughout the twenty-first aewt all generate increasing
concentrations of GHGs, and all produce substaimiaéases in radiative forcing. Yet
the reference scenarios differ in many detailsgiragnfrom demographics to labor
productivity growth rates to the composition of egyesupply to treatment of the carbon
cycle. These scenario differences shed light orontapt points of uncertainty that arise
for the future. In Chapter 4, they will also bersée have important implications for the
technological response to limits on radiative fogci
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Table 3.1. Population (million) by Region across Maels, 2000-2100Regional aggregations
are different in the three models. For example,i®#&M includes Turkey in Western Europe,
but IGSM and MERGE do not.

IGSM Population by Region (million)

Region 2000 2020 2040 2060 2080 2100
u.S. 283 334 379 396 395 393
Western Europe 390 388 369 331 302 289
Japan 127 126 116 113 118 119
Former Soviet Union 291 278 260 243 234 23(
Eastern Europe 97 91 83 74 67 64
China 1282 1454 1500 1429 1365 1334
India 1009 1291 1503 1610 1635 16443
Africa 793 1230 1749 2163 2390 2500
Latin America 419 538 627 678 701 713
Rest of the World 1366 1848 2269 2521 2614 26492
MERGE Population by Region (millions)
Region 2000 2020 2040 2060 2080 2100
U.S. 276 335 335 335 335 335
Western Europe 390 397 397 397 397 397
Japan 127 126 126 126 126 126
Eastern Europe | 419 303 393 303 303 303
Former Soviet Union
China 1275 1429 1478 1493 1498 1499
India 1017 1312 1427 1472 1489 1496
Africa
Latin America 2566 3538 4209 4677 5003 5228
Rest of World
MiniCAM Population by Region (millions)
Region 2000 2020 2040 2060 2080 2100
u.S. 283 334 371 396 412 426
Western Europe 457 486 481 456 421 399
Japan 127 127 121 113 103 95
Eastern Europe 124 119 111 100 87 80
Former Soviet Union 283 284 283 275 261 253
China 1385 1578 1591 1506 1407 1293
India 1010 1312 1472 1513 1443 130(
Africa 802 1197 1521 1763 1893 1881
Latin America 525 670 786 869 929 952
Rest of World 1055 1454 1779 1976 2017 191B
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Table 3.2. Reference GDP for Key Regions, 2000-210is table reports GDP for all regions
of the globe, but accounts for inconsistency inaegl aggregations across models. Note that
while regions are generally comparable, slightedéhces exist in regional coverage, particularly
in aggregate regions. Differences for the base, YH0, arise from these differences as do
differences in regional deflators and regional exaje rates. (Note: IGSM is in $1997 and 1997
exchange rates; MERGE uses $1997 and 1997 exchategerestated to $2000 by the ratio of
U.S. GDP for 2000 in $1997 and $2000; MiniCAM isi2000 and 2000 exchange rates.)

IGSM GDP by Region (trillions of $1997, MER)

2000 2020 2040 2060 2080 2100
u.s. 9.1 16.9 29.3 44.4 59.8 76.4
Western Europe 9.2 15.8 27.0 41.5 57.2 74.p
Japan 4.4 7.5 13.8 21.8 30.0 38.6
Former Soviet Union 0.6 1.4 2.9 4.8 7.2 10.2
Eastern Europe 0.3 0.6 1.2 2.1 3.3 4.9
China 1.2 3.3 6.9 12.8 19.9 28.9
India 0.5 1.1 2.0 3.3 5.2 8.0
Africa 0.6 1.3 2.0 3.3 5.0 7.4
Latin America 1.6 3.0 6.3 115 18.0 25.9
Rest of the World 4.4 8.6 14.9 23.9 35.3 49 9
MERGE GDP by Region (trillions of $2000, MER)
Region 2000 2020 2040 2060 2080 2100
u.s. 9.8 16.1 20.9 26.8 33.1 39.6
Western Europe 9.8 14.4 19.9 26.9 35.( 43.p
Japan 4.6 6.0 7.7 9.6 11.7 13.9
Eastern Europe 1.0 1.9 36 6.6 11.9 20.4
Former Soviet Union
China 1.2 3.1 7.4 17.3 38.5 78.6
India 0.5 1.5 3.6 8.3 18.5 39.2
Africa
Latin America 6.5 14.6 27.5 49.3 85.1 141.9
Rest of World
MiniCAM GDP by Region (trillions of $2000, MER)

2000 2020 2040 2060 2080 2100
u.s. 9.8 15.1 21.1 28.8 38.9 52.6
Western Europe 8.6 11.1 13.3 16.1 19.4 23.f
Japan 4.7 5.9 7.1 8.6 10.2 12.0
Former Soviet Union 0.4 0.8 1.4 2.3 3.6 5.7
Eastern Europe 0.4 0.7 1.4 2.4 4.0 6.6
China 1.2 4.8 11.6 20.8 34.1 49.3
India 0.5 1.6 4.8 10.7 19.5 32.0
Africa 0.6 1.2 2.1 3.9 7.7 13.8
Latin America 2.0 3.3 5.0 8.8 16.1 26.9
Rest of the World 3.2 6.3 12.5 22.6 37.4 56.4
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Table 3.3. Historical Annual Average per Capita GDPGrowth Rates.

1500- 1820- 1870- 1913- 1950- 1973-

1820 1870 1913 1950 1973 2001
North America 0.34 1.41 1.81 1.56 2.45 1.84
Western Europe 0.14 0.98 1.33 0.76 4.05 1.88
Japan 0.09 0.19 1.48 0.88 8.06 2.14
Eastern Europe 0.10 0.63 1.39 0.60 3.81 0.68
Former U.S.SR 0.10 0.63 1.06 1.76 3.35 -0.96
Africa 0.00 0.35 0.57 0.92 2.00 0.19
Latin America 0.16 -0.03 1.82 1.43 2.58 0.91
China 0.00 -0.25 0.10 -0.62 2.86 5.32
India -0.01 0.00 0.54 -0.22 1.40 3.01
Other Asia 0.01 0.19 0.74 0.13 3.51 2.42
World 0.05 0.54 1.30 0.88 2.92 141
Source: Maddison 2001
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Figure 3.1. World and U.S. Population Across Referece ScenariosAssumed growth in

global and U.S. population is similar among the¢hmodels. Global population in 2100 spans a
range from about 8.5 to 10 billion. U.S. populatior2100 spans a range from about 350 to 425
million.
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Figure 3.2. U.S. Economic Growth Across Referencec@narios.U.S. economic growth is
driven, in part, by labor force growth and, in pégt assumptions about productivity growth of
labor and other factors such as by savings angiment. Annual average growth rates are 1.4%
for the MERGE reference scenario, 1.7% for the A& reference scenario, and 2.2% for the
IGSM reference scenario. By comparison, U.S. rd2lP@rew at an annual average rate of 3.4%
from 1959-2004 (CEA 2005).

U.S. GDP
90
80| ——IGSM_REF
20| =——MERGE_REF
g G0 | —MINICAM REF
S
S 50|
c
S 40
£ 30
20
10 |
0 T T T T
2000 2020 2040 2060 2080 2100
Year

3-27



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure 3.3. Global and U.S. Primary Energy Consumpbn by Fuel Across Reference
Scenarios (EJ/yr) Global total primary energy use grows between@4times over the

century in the reference scenarios, while U.S. annenergy use grows over 1 to 2 times. Fossil
fuels remain a major energy source, despite sulistamcreases in the consumption of non-
fossil energy sources. Note that oil includes teatved from tar sands and shale, and coal use
includes that used to produce synthetic liquid gaskous fuels.
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Figure 3.4. Global and U.S. Primary Energy Consumpon per Capita Across Reference
Scenarios (GJ per capita)All three reference scenarios include growingqagita use of
energy worldwide. However, even after 100 yeargrofvth, global per capita energy use is
about %2 of the current U.S. level.
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Figure 3.5. U.S. Primary Energy Intensity: Consumpion per Dollar of GDP Across

Reference Scenarios (Index, yr 2000 Ratio = 1.0).S. total primary energy intensity—energy

consumption per dollar of GDP—continues to decimthe reference scenarios. In recent
decades, the rate of decline has been about 14%epade. U.S. primary energy intensity
declines about 12% per decade in the IGSM refersoeeario, about 13% per decade in the
MiniCAM reference scenario, and about 9% per dedadiee MERGE reference scenario.
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Figure 3.6. Long-Term Historical Crude Oil Prices Crude oil prices have historically been
highly variable, but over the period 1947-2004 ¢happeared to be a slight upward trend.
(Figure courtesy of James Williams, WTRG Economics)

Crude Qil Prices

2006 Dollars
$70
Iran / Iraq OPEC 10 % Quota Increase
War |7 Asian Econ Crisis
{
$60 : Series of OPEC Cuts
Iranian 4.2 Million Barrels
Revolution A
n $50 . | PDVSA Strike
14 | Avg World $25.56 Iraq War
E:I: AvoUS. $2357|/ Asian Growth
vg U.S. 57|/
@ $40 7 Median U.S. & T‘
& \ /| world $18.43 \V \ Gulf \d
©
g / War
~ $30 Yom Kippur War
' Qil Embargo \ Q‘A A /
—1 1 I\ Lt
&20 AN | / SNCONY
= - v S/ 1 \
= U.S. Price N N
Controls 9/11

47 49 51 53 55 57 50 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05
48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 0406

1947 - Sept. 2006
P WTRG Economics ©1998-2006
— .S, 1st Purchase Price ( Wellhead ) =— "World Price" * www.wtrg.com

(479) 293-4081

3-30



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure 3.7. Indices of Energy Prices Across Referer Scenarios (Indexed to 2000 =.1)
Energy prices through 2100, indexed so that 20@)=<bver a wide range among the models,
but generally show a rising trend relative to rectadal averages. Prices in the MERGE
reference scenario are intermediate; by 2100 tingecoil price is about that observed in 2005 (3
times the 2000 level). The MiniCAM reference scemfas the lowest prices, with crude oll
price about twice 2000 levels in 2100, somewhatwehe level reached in 2005. The IGSM
reference scenario has the highest prices, whicbrtme oil would be about 50% to 60% higher
in 2100 than the price level of 2005.
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Figure 3.8. Global and U.S. Electricity Productionby Source Across Reference Scenarios
(EJlyr of electricity). Global and U.S. electricity production show coo#d reliance on coal,
especially in the IGSM scenario, which assumesribakear expansion is limited by safety,
waste, and proliferation concerns. The MERGE andi®AM reference scenarios are based on
the assumption that nuclear energy is unconstrdgetn-climate concerns, so these scenarios
exhibit greater expansion. They also include greadatributions from renewable energy
sources and somewhat greater use of electricityahvadmpared with IGSM reference scenario.
Differences in the contributions of different fualsthe global level among models are similar
for the U.S. Total U.S. electricity use is simia™ERGE and IGSM reference scenarios, and
somewhat lower in MiniCAM reference scenario.
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Figure 3.9. U.S. Energy Flow Diagram and Non-Elecical Energy Use for the Year 2000.
Primary energy is transformed into different enecgyriers that can easily be used for specific
applications (e.g., space conditioning, light, amethanical energy), but in the process losses
occur. Of the 98.5 quads of primary energy usdtienJ.S. in the year 2000, only an estimated
34.3 quads were actually useful. Each of the madkdsl in this research represents such
conversion processes. Assumptions about efficianpyovements in conversion and end use are
one of the reasons why energy intensity per doll&DP falls in the reference scenarios.
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Figure 3.10. Global and U.S. Primary Energy Consuntein Non-Electric Applications

Across Reference Scenarios (EJ/yrNon-electric energy use also remains heavily depeind

on fossil fuels with some penetration of biomassrgy. Primary energy is reported here, and the
resurgence of coal in the reference scenariosddaliis use to produce synthetic liquids or gas.
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Figure 3.11. Global and U.S. Production of Biomadsnergy Across Reference Scenarios
(EJ/lyr). The MiniCAM scenarios include waste-derived bisméuels as well as commercial
biomass and, thus, show significant use in 200@.[GSM and MERGE scenarios include only
commercial biomass energy beyond that already @lethally, the IGSM and MERGE

reference scenarios include biomass productiondbas the MiniCAM reference scenario

toward the end of the century.
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Figure 3.12. Global Net Emissions of Cofrom Terrestrial Systems Including Net
Deforestation Across Reference Scenarios (GtC/yrslobal net emissions of GGrom
terrestrial systems, including net deforestatitwoys that MiniCAM and IGSM have a slight net
sink in 2000 that grows over time mainly becauseedficed deforestation and gfertilization

of plants. MERGE assumes a neutral terrestridesys
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Figure 3.13. Global and U.S CQEmissions from Fossil Fuel Combustion and Industsl
Sources Relative to Primary Energy Consumption (GtZEJ). CO; intensity of energy use
shows relatively little change in all three refererscenarios, reflecting the fact that fossil fuels
remain important sources of energy. Potential redung in the CQ intensity of energy from
more carbon-free or low-carbon energy sourcesfs&bby a move to more carbon-intensive
shale oil or synthetics from coal.
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Figure 3.14. World and U.S. CQ Emissions per Capita Across Reference Scenarios €tnc
tonnes per capita).Per capita fossil fuel and industrial g@missions for the world grow in all
three reference scenarios. However even after @86syof growth, global per capita €O
emissions are slightly less than %2 of the 2000 léx®l in the three scenarios.
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Figure 3.15. Global Emissions of C@from Fossil Fuels and Industrial Sources (C@from
land-use change excluded) Across Reference Scenar{&tC/yr). Global emissions of CO
from fossil fuel combustion and other industrialiszes, mainly cement production, grow
throughout the century in all three reference sgesaBy 2100, global emissions are between
22.5 GtCl/yr and 24.0 GtC/yr. U.S. emissions areewaried across the Reference Scenarios.
By 2100, U.S. emissions are between 2 GtC/yr aGd&yr. Note that C@from land-use
change is excluded from this figure.
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Figure 3.16. Global Emissions of Fossil Fuel and tlustrial CO, by Annex | and Non-
Annex | Countries Across Reference Scenarios (GtQfy Emissions of fossil fuel and
industrial CQ in the reference scenarios show non-Annex | eomnssexceeding Annex |
emissions for all three reference scenarios by 202farlier. The MERGE and MiniCAM

reference scenarios exhibit continued relativedgpowth in emissions in non-Annex | regions
after that, so that emissions are on the ordewigktthe level of Annex | by 2100. The IGSM
reference scenario does not show continued diveggelue in part to assumptions of relatively
slower economic growth in non-Annex | regions aastér growth in Annex | than the scenarios
from the other modeling groups. The IGSM referesmnario also shows increased emissions in
Annex | as those nations become producers and expaf shale oil, tar sands, and synthetic

fuels from coal.
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Figure 3.17. Global Fossil Fuel and Industrial Carlon Emissions: Historical Development
and Scenarios (GtC/yr).The 284 non-intervention scenarios published be26fl are included
in the figure as the gray-shaded range. The theslare an additional 55 non-intervention
scenarios published since 2001. Two vertical barthe right-hand side indicate the ranges for
scenarios since 2001 (post-TAR non-interventiom) fan those published up to 2001 (TAR plus
pre-TAR non-intervention). Sources: NakicenovialetLl998, Morita and Lee 1998, http://www-
cger.nies.go.jp/cger-e/db/enterprise/scenario/stenadex_e.html, and
http://iilasa.ac.at/Research/TNT/WEB/scenario_dataiéim!
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Figure 3.18. Global CH, and N,O Emissions Across Reference Scenarios (Mtonnes/yr)
Global anthropogenic emissions of £&hd NO vary widely among the reference scenarios.
There is uncertainty in year 2000 ¢émissions, with the IGSM reference scenario asugib
more of the emissions to human activity and lessataral sources. Differences in the scenarios
reflect, to a large extent, different assumptiossduby the modeling groups about whether
current emissions rates will be reduced signifilyaiior other reasons, for example, whether
higher natural gas prices will stimulate captur€éf, for use as a fuel.
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Figure 3.19. Global Emissions of Short-Lived and Log-Lived F-Gases (ktonnes/yr)Global
Emissions of high HFCs and others (PFCs arglaggregated).
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Figure 3.20. CQ Uptake from Oceans Across Reference Scenarios (GYC, expressed in
terms of net emissions)The IGSM reference scenario, which is based ohGisM’s three-
dimensional ocean model, exhibits less,@Ptake than the other two reference scenarios and,
after some point, little additional increase inak® even though concentrations are rising. The
MiniCAM reference scenario exhibits some slowingpoéan uptake, although not as
pronounced as in the MERGE reference scenario €lisero slowing of uptake in the MERGE
reference scenario. Although the MERGE refereneaato has higher ocean uptake in the
latter half of the century, the effects of thisrease are offset by the assumption of a neutral
biosphere. Hence the aggregate behavior of itsooaricle tends to be more similar to that in
the other two reference scenarios, especially tmeQAM reference scenario (Figure 3.22). The
three ocean models produce more similar behavitirarstabilization scenarios.
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Figure 3.21. Relationship Between Cumulative COEmissions from Fossil Fuel

Combustion and Industrial Sources, 2000-2100, andtfospheric Concentration of CQ
Across All ScenariosDespite differences in how the carbon cycle is kethth each of the
three models, the scenarios exhibit a very sinndaponse in terms of concentration level for a
given level of cumulative emissions. (Note that¢henulative emissions do not include
emissions from land use and land-use change.)
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Figure 3.22. Atmospheric Concentrations of CQ, CH,4, N,O, and F-gases Across the
Reference Scenarios (units vary)Differences in concentrations for @@H,, and NO across
the reference scenarios reflect differences in gons and treatment of removal processes. By
2100, CQ concentrations range from about 700 ppmv to 900\ ECH, concentrations range
from 2000 ppbv to 4000 ppbv, and®concentrations range from about 380 ppbv to 5 p

CO,
1000
o ——IGSM_REF
- ——MERGE_REF
- ——MINICAM_REF
600 -
>
E 500
o
400 4
300 1
200 1
100
0 ‘ ‘ ‘ :
2000 2020 2040 2060 2080 2100
Year
CHy4 N-O
5000 1000
——IGSM_REF 000 ——IGSM_REF
d ——MERGE_REF w4 ——MERGE_REF
——MINICAM_REF 0 | ——MINICAM_REF
3000 600 -
s >
o 2 500
o o
2000 - 400 /
300
1000 - 200 4
100 1
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year
Short-Lived F-Gases Long-Lived F-Gases
2000 70.0
——IGSM_REF ——IGSM_REF
3500 - 0
= ——MERGE_REF ——MERGE_REF
8 3000 Ny i
K = MINICAM_REF £ 50.0 —— MINICAM_REF
& 2500 - s
& 5 400
3 w
& 2000 e
3‘ % 30.0
T 1500 + 5
S 2 200
21000 S
Q
o
] 10.0
0 ‘ ‘ ‘ : 0.0 ‘ ‘ ‘ :
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year

3-42



CCSP Product 2.1, Part A

DRAFT FOR CCSP REVIEW

Figure 3.23. Radiative Forcing by Gas Across Refenee Scenarios (Wrif). The

contributions of different GHGs to increased ragi@forcing through 2100 show GO
accounting for more than 80% of the increased fgréiom preindustrial for all three reference
scenarios. The total increase ranges from abouMén# to 8.6 Wni* above preindustrial levels.
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4. STABILIZATION SCENARIOS
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4.3.2. Implications for Greenhouse Gas Concentratio..............ccccevvvveevvrrnnnnns 7
4.3.3. Implications for Greenhouse Gas EMISSIONS..............ccceeeveeeviiiiiiieeennnn, 8
4.4. Implications for Energy Use, Industry, and Are@ogy..........ccccevvvvvvvveiiinnnnnnn. 9
4.4.1. Changes in Global Energy USE ... 10
4.4.2. Changes in Global Electric Power GeneratiQn...............cccovvvvvvvvvnnnnn. 12
4.4.3. Changes in Energy Patterns in the UniteteSta..............coooevvvviiviinnnns 14
4.5.  Stabilization Implications for Agriculture, hd-Use, and Terrestrial Carbon 15
4.6. Economic Implications of Stabilization...........c.cooooeeiiiiiiiiii, 17
4.6.1. Stabilization and Carbon Prices.........cccccciiieiiie 18
4.6.2. Stabilization and Non-G@reenhouse Gas Prices .............cccvveennnn. 22
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4.6.4. The Total Cost of Stabilization........ccccciooiiiiiiiiiiiiii e 25
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In these scenarios, stabilizing radiative forcirngevels ranging from 3.4 Whto 6.7
Wm? above preindustrial levels (Level 1 to Level 4)ligs significant changes to the
world’s energy and agriculture systems and leadewer global economic output.
Although all the stabilization scenarios requireaciges in the world’s energy and
agricultural systems, the three modeling teams peced scenarios with differing
conceptions of how these changes might occur. twoenic implications vary
considerably among the scenarios, depending oatih@unt that emissions must be
reduced and the evolution of technology.

4.1. Introduction

In Chapter 3, each modeling group developed saahafilong-term GHG emissions
associated with changes in key economic charastssisuch as demographics and
technology. This chapter describes how such dewstops might change in response to
limits on radiative forcing. It illustrates that@ety’s response to a stabilization goal can
take many paths, reflecting factors shaping theregice scenario and the availability and
performance of emissions-reducing technologieshduld be emphasized that the four
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levels analyzed below and detailed in Table 4.1 whpsen for illustrative purposes
only. They reflect neither a preference nor a revemdation.

Table 4.1. Long-Term Radiative Forcing Limits bylStization Level and
Corresponding Approximate G@oncentration Levels

Control of GHG emissions requires changes in tbballenergy, economic, agriculture,
and land-use systems. In all the stabilization ages, it was assumed that forcing levels
would not be allowed to overshoot the targets altvegpath to long-term stabilization.
Given this assumption, each modeling group hadakenfurther decisions regarding the
means of limitation. Section 4.2 compares the aggires of the three modeling groups.
Section 4.3 shows the effect of the three strasegneGHG emissions, concentrations,
and radiative forcing. The implications for glolaald U.S. energy and industrial systems
are explored in Section 4.4 and for agriculture amdi-use change in Section 4.5.
Section 4.6 discusses economic consequences otireeds achieve the various
stabilization levels.

4.2. Stabilizing Radiative Forcing: Model Implemenations

Some features of scenario construction were coateihamong the three modeling
groups, and others were left to their discretiorthree areas, a common set of
approaches was adopted:

» Climate policies in the stabilization scenari8gedtion 4.2.1)

» The timing of participation in stabilization segios (Section 4.2.2)

» Policy instrument assumptions in stabilizatioararios (Section 4.2.3).
In two areas, the groups employed different apgrescc

» The timing of CQ emissions mitigation (Section 4.2.4)

* Non-CQ emissions mitigation (Section 4.2.5).

42.1. Climate Policies in the Stabilization Scenaus

Each group assumed that, as in the reference sognitue U.S. will achieve its goal of
reducing GHG emissions intensity (the ratio of Gel@Gissions to GDP) by 18% by
2012, although implementation of this goal wastefthe judgment of each group. Also,
the Kyoto Protocol participants were assumed toeaeitheir commitments through the
first commitment period, 2008 to 2012. In the refare scenarios, these policies were
modeled as not continuing after 2012. In the stadiibn scenarios, these initial period
policies were superseded by the long-term contrategies imposed by each group.

4.2.2. Participation in Stabilization Scenarios
For the stabilization scenarios, it was assumedptblécies to limit the change in

radiative forcing would be applied globally aft€¥12, as directed by the Prospectus.
Although it seems unlikely that all countries wosldhultaneously join such a global
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agreement, and the economic implications of stadiibn would be greater with less-
than-universal participation, the assumption tilat@untries participate does provide a
useful benchmark.

4.2.3. Policy Instrument Assumptions in Stabilizatia Scenarios

Note that the issue of economic efficiency appdieoss both space and time. All of the
scenarios assume an economically efficient allooati reductions among nations in
each time period, that is, across space. Thubgegetscenarios, GHG emissions in all
regions and across all sectors of the economy wa@riolled by imposing a single price
for each GHG at any point in time. As will be dissad in detail in Section 4.5, the
prices of emissions for individual GHGs differ assdhe models. The implied ability to
access emissions reduction opportunities wheréwesrdre cheapest is sometimes
referred to asvhereflexibility (Richels et al. 1996).

4.2.4. Timing of CO, Emissions Mitigation

The cost of limiting radiative forcing to any giveevel depends on the timing of the
associated emissions mitigation. There is a stemagomic argument that mitigation
costs will be lower if emissions reductions stéotwy and then progressively ramp up,
particularly for CQ. Distributing emissions mitigation over time, subht larger efforts
are undertaken later, reduces the current costassequence of such effects as
discounting, the preservation of energy-using ehgtbck over its natural lifetime, and
the potential for the development of increasingigteeffective technologies.

What constitutes such a cost-effective slow stepethds on the concentration target and
the ability of economies to make strong reductiater. Although 100 years is a very
long time horizon for economic scenarios, it is looty enough to fully evaluate
stabilization goals. For several of the stabilizatievels, the scenarios are only
approaching stabilization in 2100; concentratiomstkeelow the targets and still rising,
but the rate of increase is slowing. Stabilizabbatmospheric concentrations requires
that any emissions be completely offset by uptaksestruction of the gas. Because
ocean and terrestrial uptake of £© subject to saturation and system inertia, atléor
the CQ concentration limits considered in this analysisjssions need to peak and
subsequently decline during the twenty-first ceptursoon thereafter. In the very long
term (many hundreds to thousands of years), emissiast decline to virtually zero for
any CQ concentration to be maintained. Thus, while thesome flexibility in the inter-
temporal allocation of emissions, it is inhereminstrained by the carbon cycle. Given
that anthropogenic Cemissions rise with time in all three of the unstoained
reference scenarios, the stringency ohb@@issions mitigation also increases steadily
with time.

Different approaches were used by the modelingggoa determine the profile of
emissions reduction and how the different GHGs ridmunie to meeting radiative forcing
targets. A major reason for the difference is tinecsure of the models. MERGE is an
inter-temporal optimization model and is able tbaseadiative forcing target and solve
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for the cost-minimizing allocation of emissionsuetions across gases and over time. It
thus offers insights regarding the optimal patlemissions reductions. A positive
discount rate will lead to a gradual phase-in dutions, and the tradeoff among gases
is endogenously calculated based on the contrib@amh makes toward the long-term
goal (Manne and Richels 2001). Given a stabilizatayget, the changing relative prices
of gases over time can be interpreted as an optradihg index for the gases that
combines economic considerations with modeled physonsiderations (lifetime and
radiative forcing). The resulting relative weighte different from those derived using
Global Warming Potential (GWP) indices, which aasdd purely on physical
considerations (IPCC 2001). Furthermore, econotyiedlicient indices for the relative
importance of GHG emissions mitigation will varyestime and across policy regimes.

IGSM and MiniCAM are simulation models and do notlegenously solve for optimal
allocations over time and by type of gas. Howetlex,choice of price path over time
used in these scenarios takes account of insights économic principles that lead to a
pattern similar to that computed by MERGE. Thegrativas anticipated by Peck and
Wan (1996) using a simple optimizing model withealbon cycle and by Hotelling
(1931) in a simpler context.

In the MiniCAM scenarios, the rate of increasehia tarbon price was set equal to the
rate of interest plus the average rate of carboroval from the atmosphere by natural
systems. This approach follows Peck and Wan (1888)yields a resulting carbon price
path similar in structure to that obtained in thERGE scenarios. This carbon price path
ensures that the present discounted marginal ¢bstving one tonne of carbon less in
the atmosphere during one period in the futurexacty the same regardless of whether
the removal takes place today or one period I&#ren marginal costs are equal over
time, there is no way that total costs can be redilny making emissions mitigation
either earlier or later.

As is the case in the MERGE scenarios, the exp@ia@ntrease in the price of GO
continues until such time as radiative forcingtebgdized. Thereafter, the price is set by
the carbon cycle. That is, once radiative forciag hisen to its stabilization level,
additional CQ can only enter the atmosphere to the extent ditatral processes remove
it, otherwise CQ@radiative forcing would be increasing. This isk&lnt in the Level 1
stabilization scenario and, to a lesser exterthen_evel 2 stabilization scenario.
However, it is not present in the Level 3 or Le#edcenarios because stabilization is not
reached until after the end of the twenty-firsttoen

The IGSM scenarios are based on a carbon pricetipathises 4% per year. The initial
carbon price is set to achieve the required conagons and forcing. Thus, the rate of
increase in the C{price paths is identical for all stabilization sagos, but the initial
value of the carbon price is different. The lowes toncentration of C{allowed, the
higher the initial price. The insight behind thppeoach is that an entity faced with a
carbon constraint and a decision to reduce emissiow or later would compare the
expected return on that emissions reduction investiwith the rate of return elsewhere
in the economy. The 4% rate is taken to be thisecwy-wide rate of return. If the
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carbon price were rising more rapidly than the cdteeturn, investments in emissions
reductions would yield a higher return than investts elsewhere in the economy, so
that the entity would invest more in emissions s now (and possibly bank
emissions permits to use them later). By the samie,lan increase in the carbon price
lower than the rate of return would lead to a deni$o postpone emissions reductions. It
would lead to a tighter carbon constraint and adigarbon price in the future. Thus,
this approach is intended to be consistent witragket solution that would allocate
reductions through time.

4.2.5. Timing of Non-CGQ, Emissions Mitigation

Like CQ,, the contribution of non-C£OGHGSs to radiative forcing depends on their
concentrations. However, these gases are dissodratbe atmosphere over time so that
the relationship between emissions and concemiaigdifferent from that for CQas

are the sources of emissions and opportunitiesrfossions reductions. Each of the three
modeling groups used its own approach to modet ttwgitrol. As noted above, MERGE
employed an inter-temporal optimization approadie price of each GHG was
determined so as to minimize the social cost oitiivg radiative forcing to each level.
Thus, the price of each gas was constant acrogsmeegt any point in time, but varied
over time so as to minimize the social cost of @ginig each level.

In the MiniCAM scenarios, non-CA5HG prices were tied to the price of €@ing the
GWPs of the gases. This procedure has been adopiealtties to the Kyoto Protocol and
applied in the definition of the U.S. emission®igity goal. The IGSM scenarios are
based on the same approach as MiniCAM scenariasetermining the prices for HFCs,
PFCs, and $§-pegging the prices to that of @@sing GWP coefficients. For Gknd
N>O, however, independent emission stabilizationltewere set for each gas in the
IGSM scenarios because GWPs poorly represent theffiects of CH, and emissions
trading at GWP rates leads to problems in defimvhgt stabilization means when ¢H
and NO are involved (Sarofim et al. 2005). The relatve¢ar-term stabilization for

CH, in the IGSM scenarios implies that near-term eimissreductions result in
economic benefit, an approach consistent with & Wt there are risks associated with
levels of radiative forcing below the specified aspheric maximum. This approach is
different than that followed in the MERGE scenayriwbere any value of CHmissions
reductions is derived only from the extent to whictontributes to avoiding the long-
term stabilization level. In the MERGE scenari@sjuctions of emissions of short-lived
species like Cklihas very little consequence for a target that motl be reached for many
decades, so the optimized result places littleevalureducing emissions of short-lived
species until the target is approached. A full gsialof the resulting climate change and
its effects would be required to select betweeraftfgoaches used in the MERGE and
IGSM scenarios. The different stabilization patihghie scenarios from these two models
do provide a range of plausible scenarios for n@3-GHG stabilization, however. The
MiniCAM scenarios yield an intermediate result.
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4.3. Stabilization Implications for Radiative Forcing, Greenhouse Gas
Concentrations, and Emissions

Despite significantly different levels of radiatifgecing in the reference
scenarios, radiative forcing relative to preinduatievels in 2100 is similar
across models in all four stabilization scenariG€£, concentrations are also
similar in 2100 across the models. Scenarios wigihér CQ concentrations for
a given stabilization level generally have lowencentrations and emissions of
non-CQ GHGs, trading off reductions in these substanoasdke up for higher
forcing from CQ.

All three modeling groups produced scenarios inclwlemissions reductions below
levels in the reference scenarios were much smaéeveen 2000 and 2050 than
between 2050 and 2100. With one exception at Hst #ringent stabilization level,
the stabilization scenarios were characterized Ipeak and decline in global GO
emissions in the twenty-first century. In the nsbshgent scenarios, C{emissions
begin to decline immediately or within a mattedetades.

4.3.1. Implications for Radiative Forcing

Given that all the models were constrained to #rmeesradiative forcing levels, radiative
forcing relative to preindustrial levels for theaye2100 are similar across the models,
although the time scale for stabilization exce&@s2100 horizon of the analysis. Table
4.2 shows the long-term stabilization level andrdmiative forcing in 2100 across the
scenarios. The differences across the models between thetErm stabilization levels
and the modeled radiative forcing levels are smétleLevels 1 and 2 than for Levels 3
and 4 because the latter allow a greater accuronlafiGHGs in the atmosphere. For
Levels 3 and 4, each modeling group required rasidbrcing to be below the long-term
limits in 2100 to allow for subsequent emissiongalbgradually toward levels required
for stabilization.

Table 4.2. Radiative Forcing in the Year 2100 axi®senarios

The radiative forcing stabilization paths are shawRigure 4.1. Even though they
reflect different criteria used to allocate emissioeductions over time, the paths are
very similar across models. The radiative forciaghgs dominated by forcing associated
with CO, concentrations, which in turn are driven by cumuigtnot annual, emissions.
Thus, even fairly different time profiles of G@missions can yield relatively little
difference in concentrations and radiative forcing.

Figure 4.1.  Total Radiative Forcing by Year acrossrarios

Although their totals are similar, the GHG compiositof radiative forcing differs among
the models. Figure 4.2 plots the breakdown amosggya 2100 for the reference

! The IGSM exceeds the Level 1 target by 0.1 Ywhich is a negligible difference that resultsifrthe
iterative process required to achieve a radiativeifig target.
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scenario along with all four stabilization levefarcing is dominated by GOn all
scenarios at all stabilization levels, but theee\ariations among models. For example,
the MiniCAM stabilization scenarios have larger idrutions from CQ and lower
contributions from the non-C@ases than the scenarios from the other two models
Conversely, the MERGE scenarios have higher carntabs from the non-CQgases

and lower contributions from Cf@elative to the IGSM and MiniCAM scenarios.

Figure 4.2.  Total Radiative Forcing by Gas in 240fbss Scenarios
4.3.2. Implications for Greenhouse Gas Concentratian

The relative GHG composition of radiative forcingg@ss models in any scenario reflects
differences in concentrations of the GHGs. The €@hcentration paths are presented in
Figure 4.3, and the year 2100 atmospheric levelslarailed in Table 4.3. Because the
actual policy targets were specified in terms tdltcadiative forcing from the multiple
GHGs, it is possible to meet those targets whikging from the CQ concentration

levels set for them. In some of the scenarios, ritiedins C@concentrations in 2100

differ across models for any stabilization levedr Example, the C£roncentrations in

the MiniCAM stabilization scenarios are generaligher than in IGSM and MERGE
stabilization scenarios. Consequently,&dd NO concentrations are systematically
lower as can be seen in Figure 4.4 (see also Fats.

Figure 4.3.  CQ@Concentrations across Scenarios
Table 4.3. C@Concentrations in the Year 2100 across Scenarios

Differences in the gas concentrations among theasaes from the three models reflect
differences in the way that tradeoffs were maderayngases and differences in assumed
mitigation opportunities for non-GHGs compared to GO

Figure 4.4.  CHConcentrations across Scenarios

Approximate stabilization of C{concentrations occurs by 2100 in all the Levehd a
Level 2 scenarios, but concentrations are stildasing in 2100 for the Level 3 and
Level 4 scenarios, although at a slowing rate.Apartant implication of the less
stringent stabilization levels is that substargialissions reductions would be required
after 2100. Sometime within the next century, ladl stabilization paths would require
emissions levels nearly as low as that for Leveéligjher stabilization targets do not
change the nature of long-term changes in emissemnsred in the global economy;
they only delay when the emissions reductions rbhesichieved.

In all the scenarios, as the rise in atmosphemcentrations slows, the ocean uptake
slows and even begins to decline. These naturadvahprocesses are uncertain, and to
some extent this uncertainty is reflected in défeses in the scenarios from the three
modeling groups, as shown in Figure 4.5. Ocearkepgtasmallest in the IGSM
scenarios. The MERGE scenarios have the higheskepor the least stringent levels,
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and the MiniCAM and MERGE scenarios are almosttidahfor the most stringent
stabilization levels.

Figure 4.5. Ocean CQUptake across Scenarios
4.3.3. Implications for Greenhouse Gas Emissions
4.3.3.1. Implications for Global CQ Emissions

For the Level 1 target, global G@missions begin declining after 2010 in all three
models (Figure 4.6). The constraint is so tight thare is relatively little room for
variation.

Figure 4.6.  Fossil Fuel and Industrial €Emissions across Scenarios

All three modeling groups show continued emissigmesvth throughout the first half of
the twenty-first century for Level 4, the loosesnhstraint, and the MiniCAM scenario
exhibits increasing emissions throughout the cgntlthough they are approaching a
peak by 2100. Near-term variation in emissionsdbrgeflects differences in the
reference scenarios.

The scenarios of all three groups exhibit more simis reduction in the second half of
the twenty-first century than in the first half, rasted earlier, so the mitigation challenge
grows with time. The precise timing and degreeagaiture from the reference scenario
depend on many aspects of the scenarios and onresdi’s representation of Earth
system properties, including the radiative fordingt, the carbon cycle, atmospheric
chemistry, the character of technology options dwee, the reference scenario £O
emissions path, the non-climate policy environmtd,rate of discount, and the climate
policy environment. For Level 4, 85% or more of ssmns mitigation occurs in the
second half of the twenty-first century in the sao@ws developed here. Even for Level 1,
where the limit is the tightest and near-term naitiign most urgent, 75% or more of the
emissions reduction below reference occurs inécersd half of the century. While this
is partly a result of thevhenflexibility assumption, continuing emissions growtieans
that the percentage reduction is much larger ones.t

All three of the modeling groups constructed rafieeescenarios in which Non-Annex 1
emissions were a larger fraction of the globalltotahe future than at present (Figure
3.16). Because the stabilization scenarios aredo@sé¢he assumption that all regions of
the world face the same price of GHG emissionsheavé access to the same general set
of technologies for mitigation, the resulting distition of emissions mitigation between
Annex | and Non-Annex | regions generally refletis distribution of reference scenario
emissions among them. So, when radiative forcirrgsgicted to Level 1, all three
models find that more than half of the emissionsgation occurs in Non-Annex |
regions by 2050 because more than half of refersoeeario emissions occur in Non-
Annex | regions. Note that with the global poligesified so that a common carbon
price occurs in all regions at any one time, enoissireductions occur separately from
and mostly independent of the distribution of tberemic burdens of reduction.
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4.3.3.2. Implications for Non-CQ Greenhouse Gas Emissions

The stabilization properties of the non-CGHGs differ due to their lifetimes (as
determined by chemical reactions in the atmospherefinologies for reducing
emissions, and natural sources.,Qlds a relatively short lifetime, and anthropogenic
sources are a big part of gEmissions. If anthropogenic emissions are kepsteorn, an
approximate equilibrium between oxidation net emiss will be established relatively
quickly and concentrations will stabilize. The sam&ue for the relatively short-lived
HFCs.

Emissions under stabilization are systematicallyeiothe more stringent the target, as
can be seen in Figure 4.7. The MiniCAM referen@anacio has the lowest GH
emissions among the models in the reference sceaad the stabilization scenarios. The
assumed policy environment for ¢Ebntrol is also important. Despite the fact tiat t
IGSM reference scenario has higher referencg €hissions than the MERGE reference
scenarios, the MERGE scenarios have the highesemsunder stabilization in several
instances. The reason is that the MERGE inter-teatpptimization approach leads to a
low relative price for Ckemissions in the near term, which grows rapidigtiee to

CQO,, favoring strong reductions of Glemissions only toward the end of the century,
whereas Cklemissions were controlled based on quantitatmeédiin the IGSM
scenarios, and these limits lead to substantiaiatamh early in the century. Thus,
emissions in the MERGE scenarios sometimes ex¢®se in the IGSM scenarios until
the relative CH price rises sufficiently to induce substantial srons reductions.

Figure 4.7.  CHEmissions across Scenarios

The very long-lived gases are nearly indestructithles for stabilization their emissions
must be very near zero. Based on the assumpti@ashysall three modeling groups, it is
possible, at reasonable cost, for this to be aekieas shown in Figure 4.2. While these
substances are useful, their emissions are noffecsild to reduce as those from fossil
energy.

N2O is more problematic. A major anthropogenic sousdeom use of fertilizer for
agricultural crops—an essential use. Moreovenatsrral sources are important, and they
are augmented by terrestrial changes associatbccivitate change. It is fortunate that
N»O is not a major contributor to radiative forcingchuse the technologies and
strategies needed to achieve its stabilizatiomat@bvious at this time. Nevertheless,
differences in the control of JO are observed across models, as revealed in HMg8ire
although these differences are smaller than thars€H,.

Figure 4.8.  NO Emissions across Scenarios

4.4. Implications for Energy Use, Industry, and Techology
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In these scenarios, GHG emissions reductions recairansformation of the
global energy system, including reductions in teménd for energy and changes
in the mix of energy technologies and fuels. Tiaissformation is more
substantial and takes place more quickly at theaxstringent stabilization levels.
Fossil fuel use and energy consumption are redutedl the stabilization
scenarios due to increased consumer prices foilflugds. CQ emissions from
electric power generation are reduced at relatiielyer prices than C®
emissions from other sectors, such as transpaitjstry, and buildings.
Emissions are reduced from electric power by insegbuse of technologies such
as CQ capture and storage (CCS), nuclear energy, anéwable energy. Other
sectors respond to rising greenhouse gas pricegthycing demands for fossil
fuels; substituting low- or non-emitting energy smms such as bioenergy,
electricity, and hydrogen; and applying CCS whevsgible.

4.4.1. Changes in Global Energy Use

The degree and timing of change in the global gnsygtem depends on the level at
which radiative forcing is stabilized. Although féifences in the reference scenarios
developed by each of the three modeling groupsdelifferent patterns of response,
some important similarities emerged. The lowerrdthative forcing limit, the larger
the change in the global energy system relatitegéaeference scenario; moreover,
the scale of this change is increasing over timso Asignificant fossil fuel use
continues in all four stabilization scenarios. Tipagtern can be seen in Figure 4.9,
which shows the global primary energy across tleeatos, and Figure 4.10, which
shows the reference scenario from Chapter 3 withdalitional plot of the net
changes in the various primary energy sourcesdoin stabilization level.

Figure 4.9.  Global Primary Energy by Fuel acrossnados

Figure 4.10. Change in Global Primary Energy byl lgeoss Scenarios,
Stabilization Scenarios Relative to Reference Stema

Although atmospheric stabilization would take awaych of the growth potential of coal
over the century, its usage expands above today&d by the end of the century in all
the stabilization scenarios. In several of the Ldvand Level 2 scenarios, the global coal
industry declines in the first half of the centingfore recovering by 2100 to levels of
production somewhat larger than today. Oil and rahyas also continue as contributors
to total energy over the century although, as wital, they are increasingly pushed from
the energy mix as the stabilization level is tiglee.

One reason that fossil fuels continue to be utllidespite constraints on GHG emissions
is that CCS technologies are available. Figuresh@vs that as the carbon values rise,
CCS technology takes on an increasing market sBaion 4.4.2 addresses this pattern
as well as the contribution of non-biomass renewablergy forms in greater detalil.
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Changes in the global energy system in responesertstraints on radiative forcing

reflect an interplay between technology options iredassumptions that shaped the
reference scenarios. For example, the MERGE reterscenario assumes relatively
limited ability to access unconventional oil and gesources and the evolution of a
system that increasingly employs coal as a feekl$twahe production of liquids, gases,
and electricity. Against this background, a constran radiative forcing leads to
reductions in coal use and end-use energy consoms the carbon price rises, nuclear
and non-biomass renewable energy forms and CCSemnighe response.

The IGSM scenarios assume greater availabilitynabaventional oil and gas than the
MERGE scenarios. Thus, the IGSM stabilization sdesain general, involve less
reduction in coal use by the end of the centuryddarger decline in oil and gas than in
the MERGE scenarios. To produce liquid fuels far titansportation sector, the IGSM
scenarios respond to a constraint on radiativarfgricy growing biomass energy crops
both earlier and more extensively than in the sxfee scenario. Also, reductions in
energy demand are larger in the IGSM scenariosithdre scenarios from the other two
models.

The MiniCAM scenarios include the smallest redutdion energy consumption among
the models. The imposition of constraints on radaforcing leads to reductions in olil,
gas, and coal, as is the case with the IGSM and GERcenarios, but also involves
considerable expansion of nuclear and renewablgliegp The largest supply response is
in commercial bio-derived fuels. These fuels argddy limited to bio-waste recycling in
the MiniCAM reference scenario. As the price on,@®es, commercial bioenergy
becomes increasingly attractive. As will be disedlss Section 4.5, the expansion of the
commercial biomass industry to produce hundredsJofr of energy has implications for
crop prices, land use, land-use emissions, and nagea ecosystems.

The relative role of nuclear energy differs in eatlthe three analyses. The MERGE
reference scenario deploys the largest amounta@éaupower, contributing 170 EJ/yr of
primary energy in the year 2100. In the Level b#itaation scenario, deployment
expands to 240 EJ/yr of primary energy in 2100.|Barcpower in the MiniCAM
reference scenario produces 90 EJ/yr in the ye@0d,2&hich in the Level 1 stabilization
scenario expands to more than 180 EJ/yr of prireagrgy in the year 2100. The IGSM
scenarios show little change in nuclear power giter among the stabilization
scenarios or compared with the reference, reflgdtie assumption that nuclear levels
are limited by policy decisions regarding safetgste, and proliferation that are
unaffected by climate policy.

Reductions in total energy demand play an impontaletin all of the stabilization
scenarios. In the IGSM stabilization scenarios thithe largest single change in the
global energy system. While not as dramatic a3@&M stabilization scenarios, the
MERGE and MiniCAM stabilization scenarios also dihreductions in energy demand.
As will be discussed in Section 4.6, the differeircthe change in energy use among the
models reflects differences in the carbon pricesired for stabilization, which are
substantially higher in the IGSM scenarios. Intladl stabilization scenarios, carbon price
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differences are reflected in the user prices ofggneCarbon prices, in turn, reflect
technological assumptions that influence both thgpky of alternative energy and the
responsiveness of users to changing prices. ThamageGHG prices discussed later in
this chapter, therefore, can be instructive in usid@ding the character of technology
assumptions employed in the models. As noted throwigthe preceding and following
discussions, the economic equilibrium nature o$¢htiree models implies that
technology deployments are a reflection of prid&chnologies are deployed up to the
point where marginal cost is equal to price. Famgle, the prices of oil and carbon
determine the marginal cost of bioenergy and ifdalgnent in the three models, and that
insight can be used to infer useful informationw#iibe technology assumptions that
each of the models employed.

It is worth reemphasizing that reductions in enexggsumption are an important
component of response at all stabilization levelali scenarios. These reductions reflect
a mix of three factors:

» Substitution of technologies that produce the sane¥gy service with lower
direct-plus-indirect carbon emissions

» Changes in the composition of final goods and sesyishifting toward
consumption of goods and services with lower dipas-indirect carbon
emissions

* Reductions in the consumption of energy services.

This report does not attempt to quantify the re&atontribution of each of these
responses. Each of the models has a differenf setlinology options, different
technology performance assumptions, and differedehstructures. Furthermore, no
well defined protocol exists that can provide aque attribution among these three
general processes.

4.4.2. Changes in Global Electric Power Generation

Across the scenarios, stabilization leads to sabatachanges in electricity-generation
technologies, although the MERGE and MiniCAM scergexhibit relatively little
change in electricity demand. Indeed, across thdefspthe relative reductions in
electricity consumption under stabilization are éovthan relative reductions in total
primary energy. One reason for this result is #battricity price increases are smaller
relative to those for direct fuel use because tle¢ ihput, while important, is only part of
the cost of electricity supply to the consumer.cAlhe long-term cost of the transition to
low and non-carbon-emitting sources is relativehaber in electricity production than in
the remaining sectors taken as an average.

There are substantial differences in the scaldatfay power generation across the three
reference scenarios, as shown in Chapter 3 andtezpatthe top of Figure 4.11. Power
generation increases from about 50 EJ/yr in the 3880 to between 230 EJ/yr (IGSM)
to 310 EJ/yr (MiniCAM) by 2100. In all three refe® scenarios, electricity becomes an
increasingly important component of the global ggesystem, fueled by growing
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guantities of fossil fuels. Despite differencesha relative contribution of different fuel
sources across the three reference scenariosptotiction of electricity from fossil

fuel rises from about 30 EJ/yr in 2000 to betwe®g@ EJ/yr and 190 EJ/yr in 2100. Thus,
the difference in total reference scenario poweegation among the models reflects
differences in the deployment of non-fossil endgyns: bio-fuels; nuclear power; fuel
cells; and other renewables such as wind, geotheame solar power.

Figure 4.11. Global Electricity Generation by Faetoss Scenarios

Figure 4.12. Changes in Global Electricity by Faeloss Stabilization
Scenarios, Relative to Reference Scenarios

The imposition of radiative forcing limits dramatlty changes the electricity sector.
Common characteristics across models are that @@% ¢oal, gas, and, where present,
oil-generated power) is deployed at a large scalihé end of the century and that use of
coal without CCS declines and eventually is nobaThe IGSM scenarios, as has been
noted, restrict nuclear expansion, and other rebhmsare either resource limited (hydro
power and electricity from bio-fuels) or become moostly to integrate into the grid as
their share of electricity rises because they m@termittent (wind and/or solar). Partly as a
result, natural gas use is increased in electmeigion in the stabilization scenarios,
especially in the nearer term before CCS becommsoacically viable. In the MERGE
scenarios, carbon-free technologies, including lpiomass renewables and nuclear, are
viable and, thus, are favored over natural gasyusieeof which falls relative to the
reference scenario. In the MiniCAM scenarios, naicend non-biomass renewable
energy technologies capture a larger share of Hr&eh At the less stringent levels of
stabilization, Level 3 and Level 4, additional bieels are deployed in power generation,
and total power generation declines. Under the stoistgent stabilization level,
commercial bio-fuels used in electricity generatimthe MiniCAM scenarios are
diverted to the transportation sector, and useadlgtdeclines relative to the reference
toward the end of the century. In all of the IGSéésarios, bio-fuels are used
preferentially for transportation rather than faatricity generation. The difference
between MiniCAM and IGSM scenarios in this regarthipart a reflection of the higher
fuel prices in the IGSM scenarios discussed iniSeet.6.3.

All modeling groups assumed that £€€vuld be captured and stored in secure
repositories, and as noted, in all scenarios CE&8rhes a large-scale activity. Annual
capture quantities are shown in Table 4.4. CC8uays one of the largest single
changes in the power-generation system in resporstabilization in radiative forcing,

as can be seen in Figure 4.12. As with mitigatirogeneral, CCS starts relatively
modestly in all the scenarios, but grows to lagyeels. The total storage over the century
is recorded in Table 4.5, spanning a range from #Dt6 90 GtC for Level 4 and 230
GtC to 270 GtC for Level 1. The modeling groups mad attempt to report either
location of storage sites for GOr the nature of the storage reservoirs, but these
scenarios are within the range of the estimategodfal geologic reservoir capacity.
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Table 4.4. Global Annual CQCapture and Storage in 2030, 2050, and 2100
for Four Stabilization Levels

Table 4.5. Global Cumulative G@apture and Storage in 2050 and 2100 for
Four Stabilization Levels

Deployment rates in the models depend on a vaoietircumstances, including capture
cost, new plant construction versus retrofittingdgisting plants, the scale of power
generation, the price of fuel inputs, the costahpeting technologies, and the level of
the CQ price. It is clear that the constraints on ragi@forcing considered in these
scenarios are sufficiently stringent that, if CG&%wvailable at a cost and performance
similar to that considered in these scenariospitlal be a crucial component of future
power generation.

Yet capture technology is hardly ordinary todayol@gic storage is largely confined to
experimental sites or enhanced oil and gas recoVégre are as yet no clearly defined
institutions or accounting systems to reward sechriology in emissions control
agreements, and long-term liability for stored ®@s not been determined. All of these
issues and more must be resolved before CCS cepldylon the scale envisioned in
these stabilization scenarios. If CCS were unahg|ahe effect would be to increase the
cost of achieving any of these stabilization sc@saiThese scenarios tend to favor CCS,
but that tendency could easily change with diffeessumptions about nuclear power
that are well within the range of uncertainty abluitire costs and the policy
environment. Nuclear power carries with it issuesadety, waste, and proliferation.
Thus, the viability of both CCS and nuclear enatggends on regulatory and public
acceptance issues. Absent CCS and nuclear fighiese models would need to deploy
other emissions reduction options that could paéntoe more costly, or would need to
envision large breakthroughs in the cost, perfoceaand reliability of other
technologies. This study has not attempted to dgfyaht increase in costs or the
reorganization of the energy system that woulddogiired to achieve stabilization
without CCS. This sensitivity is an important itémthe agenda of future research.

For example, global nuclear generation in the ezfee scenarios ranges from about 12
times current levels (if non-climate concerns saslsafety, waste, and proliferation
constrain its growth as is the case in one refersgenario), to an expansion of almost an
order of magnitude assuming relative economics@®hly constraint.

4.4.3. Changes in Energy Patterns in the United Stas

Changes for the U.S. are similar to those obseimetthe world in general. This pattern
reflects the facts that the mitigation policy iglemented globally, there are
international markets in fuels, each model makestrezhnologies globally available
over time, and the U.S. is roughly a quarter ofvtloeld total.

Energy system changes are modest for stabilizagoel 4, but even with this loose
constraint, significant changes begin upon impletaién of the stabilization policy (the
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first period shown is 2020) in the IGSM Level 43ag0 (Figure 4.13 and Figure 4.14).
At more stringent stabilization levels, the changesmore substantial in all three
models. With Level 1 stabilization, the reductienn U.S. primary energy consumption
ranges from 8 EJ/yr to over 25 EJ/yr in 2020.

Figure 4.13. U.S. Primary Energy by Fuel acros1&ces

Figure 4.14. Change in U.S. Primary Energy by Fgebss Stabilization
Scenarios, Relative to Reference Scenarios

Near-term changes in the U.S. energy system shaw thfferences among models than
the long-term adjustments. While oil consumptiomagls declines at higher carbon
prices for all the models and all stabilizationinegs, near-term changes in oll
consumption do not follow a consistent pattern. deev, there is no ambiguity regarding
the effect on coal consumption, which declinestiegao the reference scenario in all
stabilization scenarios for all models in all tiperiods. Similarly, total energy
consumption declines along all scenarios. Nucleargs, commercial biomass, and other
renewable energy forms are advantaged with at teesbtf them always deployed to a
greater extent in stabilization scenarios thamenreference scenario. The particular form
and timing of expanded development varies from rhtmmodel.

The three models exhibit different responses rafigdifferences in underlying
reference scenarios and technology assumptionsré~415 and Figure 4.16). The
largest change in the U.S. energy system in théG&narios is always the reduction in
total energy consumption augmented by an expamsithe use of commercial biomass
fuels and deployment of CCS at higher carbon teesr&imilarly, the largest change in
the MERGE scenarios is the reduction in total epeansumption augmented by
deployment of CCS and bioenergy, augmented in sm@earios with increased use of
nuclear power. The MiniCAM scenarios also exhibductions in total energy
consumption and increases in nuclear power, alatigsmaller additions of commercial
biomass and other renewable energy forms. The tatjuns of the U.S. electric sector to
the various stabilization levels is similar to that the world electricity sector.

Figure 4.15. U.S. Electricity by Fuel across Scesar

Figure 4.16. Change in U.S. Electricity by Fuelossr Stabilization Scenarios,
Relative to Reference Scenarios

4.5. Stabilization Implications for Agriculture, Land-Use, and Terrestrial Carbon

In the stabilization scenarios, increased use is enafcbiomass energy crops, the
contribution of which is ultimately limited by coetgion with agriculture and
forestry. Two of the modeling groups employed ex@griculture-land-use
models to represent this competition and reprekerd constraints on the use of
bio-energy. In the scenarios from one modeling grancreased used of bio-
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energy at more stringent stabilization levels leamsubstantial land use change
emissions as previously unmanaged lands are shidtbtbmass production.

The three modeling groups employed different apgesa to the treatment of the
terrestrial carbon cycle, ranging from a simple tralibiosphere model to a
state-of-the-art terrestrial carbon-cycle model.tio of the models, a GO
fertilization effect plays a significant role. Assilization levels become more
stringent, CQ concentrations decline and terrestrial carbon Wgaleclines, with
implications for emissions mitigation in the enesgygtor. Despite the differences
across the modeling groups’ treatments of the &ri@ carbon cycle, the
aggregate behavior of the carbon cycles across sadaimilar,

In stabilization regimes, the cost of using fofisdls and emitting Cg&xises, providing an
increasing motivation for the production and transfation of bioenergy, as shown in
Figure 4.17. In all of the scenarios, productiogibs earlier and produces a larger share
of global energy as the stabilization limit becomewe stringent. In the presence of less
stringent stabilization limits, production of bioeps is lower in the second half of the
century in the MERGE and MiniCAM scenarios thanha IGSM scenarios. Differences
between the models with respect to biomass deploiyare not simply due to different
treatments of agriculture and land use but alsaltré®m the full suite of competing
technologies and behavior assumptions.

Although total land areas allocated to bioenergypsrare not reported in these scenarios,
the extent of land areas engaged in the producfiemergy becomes substantial. This is
possible only if appropriate land is available, ethhinges on future productivity
increases for other crops and the potential ofri@ogy crops to be grown on lands that
are less suited for food, pasture, and forestsoth the MiniCAM and IGSM
scenarios—MiniCAM and IGSM are the two models vétriculture and land-use sub-
models—demands on land for bio-fuels cause larmkgptio increase substantially as
compared with the reference because of compeitititmother agricultural demands.

Figure 4.17. Global and U.S. Commercial BiomassliBtton across Scenarios

Stabilization scenarios limit the rise in €€bncentrations and reduce the LLO
fertilization effect below that in the referencesario, which in turn leads to smaller
CO, uptake by the terrestrial biosphere. The effetdrger and begins earlier the more
stringent the stabilization level. For example,ufeg4.18 shows that in the IGSM Level 4
scenario, the effect becomes substantial after 20dGamounts to about 0.8 GtC/yr in
2100. The IGSM Level 1 scenario begins to deparketly from the reference before
2050, and the departure from reference grows tooappately 2.0 GtC/yr by 2100. The
effect of the diminished COertilization effect is to require emissions métgn in the
energy-economy system to be larger by the amouthieodifference between the
reference aggregate net terrestriab@Ptake and the uptake in the stabilization scenari
The MiniCAM scenarios exhibit similar carbon cytlehavior.

Figure 4.18. Net Terrestrial Carbon Flux to the Asphere across Scenarios
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The MiniCAM scenarios also include a second effieat results from the interaction
between the energy system and emissions from chand@nd use, such as converting
previously unmanaged lands to agricultural produnctAs in the IGSM scenarios,
economic competition among alternative human aetsi crops, pasture, managed
forests, bioenergy crops, and unmanaged ecosystet@snine land use. In the

MiniCAM scenarios, this competition also determifesd-use change emissions. One
implication is increasing pressure to deforest urstigbilization in order to clear space
for biomass crops (Sands & Leimbach, 2003). THecefs best exhibited in the Level 1
scenarios, in which the terrestrial biosphere bexomnet source of carbon rather than a
sink from 2050 to past 2080. The effect subsides 2080 because commercial biomass
production ceases to expand beyond 2080, reduawfuather pressure to deforest for
biomass crops. Thus, terrestrial uptake in the @MW scenarios is reduced because of
the lower CQ fertilization effects as in the IGSM scenarios] &nis also reduced by any
land use change emissions that derive from theastng demand for bioenergy crops.
The MERGE stabilization scenarios maintain the @aggion of a neutral terrestrial
biosphere as in the MERGE reference scenario.

The terrestrial emissions reported in Figure 4dk&lie MiniCAM scenarios assume that
both fossil fuel and terrestrial carbon are pricHulus, there is an economic incentive to
maintain and/or expand stocks of terrestrial cadm®well as an incentive to bring more
land under cultivation to grow bioenergy cropschkg terrestrial carbon exerts an
important counter-pressure to deforestation andrdémd-use changes that generate
increased emissions. To illustrate this effectsgmity cases were run by the MiniCAM
modeling group in which no price was applied todstrial carbon emissions. These
sensitivity analyses showed increased levels af-lase change emissions when
terrestrial carbon was not valued, particularljhatmore stringent stabilization levels,
and the potential for a vicious cycle to emergdoiEs to reduce emissions in the energy
sector created an incentive to expand bioenergyyateon without a counter incentive to
maintain carbon in terrestrial stocks. The resultefiorestation increased terrestrial £LO
emissions, requiring even greater reductions iniféisel CQ, emissions, even higher
prices on fossil fuel carbon, and further increasgbe demand for bioenergy, leading, in
turn, to additional deforestation. The net terieasgmissions for the MiniCAM scenarios
reported here avoid this vicious cycle because ihelyde a policy architecture that
places a value on terrestrial carbon.

Despite the significant differences in the treattredrierrestrial systems in the three
models, it is interesting to recall from Figure@tBat the overall behavior of the three
carbon-cycle models is similar.

4.6. Economic Implications of Stabilization

The economic implications of stabilization inclustemost cases, increases in the
price of fossil fuels and electricity, along witkductions in economic output.
Substantial differences in GHG emissions pricesassibciated economic costs arise
among the modeling groups for each stabilizatiorele. Among the most important
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factors influencing the variation in economic caosts: (1) differences in assumptions
— such as those regarding economic growth ovecémtury, the behavior of the
oceans and terrestrial biosphere in taking upC&hd opportunities for reduction in
non-CO2 GHG emissions — that determine the ambantG@G emissions that must
be reduced to meet the radiative forcing stabilmatevels; and (2) differences in
assumptions about technologies, particularly ingbeond half of the century, to shift
final demand to low-CO2 sources such as biofuels;darbon electricity, or
hydrogen in transportation, industrial, and buildsmend uses. Although differences
in technology do not strongly emerge until the seldoalf of the century, they cast a
shadow over the full century because of the mamweiich all three the modeling
teams allocated carbon emissions reductions owee.ti

In most scenarios, carbon prices depress demanfbésil fuels and therefore their
producer prices. Electricity producer prices gengrancrease because of increasing
demand for electricity along with substitution iglrer cost, lower emitting

electricity production technologies. Consumer psifer all fuels (fuel price plus the
carbon price for emitted carbon plus any added odstapturing and storing carbon)
are generally higher under the stabilization sceastdue to carbon price. The
approaches to Non-CG5HG prices differs among the modeling groups eihg
differing approaches to the tradeoffs between rédaos in the emissions of these
GHGs and reductions in G&missions.

46.1. Stabilization and Carbon Prices

As discussed in Section 4.2, all of the modeliragrte implemented prices or constraints
that provide economic incentives to reduce emissidhe instruments used in the
models can be interpreted as the carbon pricerbald be consistent with either a
universal cap-and-trade system or a harmonizedoa#x.

Across models, the more stringent stabilizatiorlevequire higher carbon prices
because they require larger emissions reductieasha@wn in Figure 4.19 and Table 4.6.
Stabilization becomes increasingly difficult at there stringent stabilization levels as
can be seen in the difference in carbon pricesdmtviLevel 2 and Level 1 as compared
to that between Level 3 and Level 4.

Figure 4.19. Carbon Prices across Stabilizatiom&ues

Table 4.6. Carbon Prices in 2020, 2030, 2050, df9d 2Stabilization
Scenarios

Across models, the carbon prices rise roughly egpbally throughout the century (in

the IGSM scenarios) or until stabilization is readtin the MERGE and MiniCAM
scenarios). This similarity in the qualitative stiwre of the carbon price paths reflects the
similarity in the approach that the modeling grotgask to allocate emissions reductions
over time, owhenflexibility, as discussed in Section 4.2. This aggeh towhen

flexibility, with a carbon price that rises ovemi, tends to minimize the present
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discounted cost of emissions mitigation over thelltentury. It also has the effect of
linking future carbon prices to near-term carbaoicg® in a predictable way. Thus, when
there are differences in technology assumptionsniestly appear in the second half of
the century or in reference emissions that occustiyon the middle of the century, the
assumption imposed on the price path means thdulten of emissions reduction is
spread over the entire century. In this way, fotbas do not emerge until mid-century or
beyond cast a shadow onto the present.

At every stabilization level, there is variationtire carbon prices among the models. For
example, in the Level 2 scenario the 2100 carb@en 2100 exceeds $1700/tonne C in
the IGSM scenarios while the carbon prices in tHeERGE and MiniCAM scenarios are
$620 to $460/tonne C. The ratio among the modetsudfon prices for other stabilization
levels follows the same pattern. The range of @onssprices shown in these scenarios is
consistent with other studies in the open lite(iPCC, 2001).

The carbon prices in the scenarios in this studyttae result of a complex interplay of
differing structural characteristics of the paggting models and variation in key
parameter values. Nonetheless major differencesigroabon prices can be attributed to
two influences: (1) the amount that emissions rbesteduced to achieve an emissions
path to stabilization, and (2) the technologies #na available to facilitate these changes
in the economy.

On the first point, Table 4.7 shows the cumula@®@ emissions reductions required
over the century as simulated by the three mo@etterences in total reduction come
principally from three aspects of model behaviat assumptions: differences in forces,
such as economic growth, that determine emissiotise reference scenario (Tables 3.2
and 3.3, and Figure 3.3); the behavior of the o@@ahterrestrial systems in taking up
carbon (Figures 4.5 and 4.16); and the technolbggons available for constraining
the emissions of non-G@HGs (Figures 4.7 and 4.8). For all stabilizatewrels, the
IGSM scenarios require greater £€missions reductions than the MERGE or MiniCAM
scenarios. Indeed, the emissions reductions ilGB& Level 2 are commensurate with
those of the MERGE and MiniCAM Level 1 scenariofi.cdher things being equal, the
greater the required emissions reductions the highkbe the emissions prices required
to meet each target.

Table 4.7. Cumulative Emissions Reductions Acrasn8rios (GtC through
2100)

The second factor, the modeling of technology, atsttributes to the differences among
costs. The aggregate effect of differing technalagassumptions is illustrated in Figure
4.20, which shows the relationship between thearagice and percentage emissions
reductions in 2050 and 2100. Roughly speakinggtligsires represent the marginal
abatement cost functions for these periods. N@&ethe technological opportunities
chosen by the three modeling groups are simil20B0. The implication of this

similarity is that if in 2050 the three modelingpgps were to determine the carbon price
for, say, a 50% reduction in emissions, the resuttsld be similar.
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Figure 4.20. Relationship between Carbon PriceRerdentage Abatement in
2050 and 2100

It is in the second half of the century that sutissh differences in the marginal
abatement cost functions emerge, particularly vtherrequired abatement pushes
towards and beyond 60% below the reference levisl @ case in the Level 1 and Level
2 scenarios. There is no small set of technologyraptions used by the modeling
groups that determines these differences. Amongitdeling groups, assumptions about
technology vary along a range of dimensions sudhesate of growth in labor
productivity, the cost and performance of particaelaergy supply technologies, the
productivity of agriculture and the associated sadtbioenergy, and the ability to
substitute among various fuels and electricityey Bemand sectors such as
transportation. These assumptions are embodiegistah model parameters, but also, as
discussed in Chapter 2, in the underlying matheraksiructures of the models. As can
be seen in Table 2.1, end-use technologies, agenaral, not represented explicitly.
None of the participating models, for example, tdgmultiple steel production
technologies or a wide range of vehicle optiondhensith different energy using
characteristics. Instead, energy demand respons@s@esented in relatively aggregate
economic sectors (e.g., energy intensive industtyamsportation). Other technologies,
particularly in energy supply (e.g., CCS) are megly to be identified specifically.

Three general characteristics of technology bets with respect to the variation in
carbon prices: (1) the availability of low- or zerarbon electricity production
technologies, (2) the supply of non-electric enesglystitutes such as biofuels and
hydrogen, and (3) the availability of technolodiegacilitate substitution toward the use
of electricity.

All three modeling groups assumed a variety of-effgctive technology options would
be available to limit C@emissions from electric power generation. For g¥anthe
electric sector is almost fully de-carbonized bg &@md of the century in all three Level 1
scenarios (Figure 4.21). Electricity is producethwion-fossil technologies (nuclear or
renewables) or fossil-fired power plants with carlsapture technology. Thus, although
low carbon technologies in the electric power sedtinfluence the carbon prices, it is
forces outside of electric power production that@lcosts at higher levels of abatement
because options available to the electric powesean support its almost complete de-
carbonization.

Figure 4.21. Percentage of World Electricity fromw- or Zero-Emissions
Technologies

The second technology factor is the set of optavalable to substitute alternative, non-
electric fuels for fossil energy in end-use segtorast importantly in transportation. All
three modeling groups assumed biofuels as a suiestdr fossil fuels in non-electric
applications. As discussed in Section 2 and Se&jqmnoduction of bioenergy crops
must compete with other uses of agricultural land&SM and MiniCAM, which
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constrains total production of these substituteSRGE uses an aggregate
parameterization to represent these same constr&wen with these differing
approaches, bioenergy production is similar actiesstabilization scenarios. However,
because if higher oil prices (Figure 3.7), the IG&¥&rence scenario includes substantial
biofuels (Figure 4.10) so that expansion of biafuslmore limited in the IGSM
stabilization scenarios.

In addition to biofuels, the MiniCAM and MERGE segios include other non-electric
alternatives, and these become important for mioirggent emissions reductions. The
MERGE scenarios include a generic alternative geslerated from renewable sources;
which could be, for example, hydrogen from solaword power. In the MERGE Level 1
scenario, this alternative fuel provides roughl¢@8s much non-electric energy as
biofuels by 2100. The MiniCAM scenarios include hygen production using electricity,
nuclear thermal dissociation, and fossil fuels vaitld without CCS. Though smaller than
biofuels, the contribution of hydrogen rises tattéel over 15% of global non-electric
energy consumption in the Level 1 MiniCAM scenakiithout these additional options
included in the MERGE and MiniCAM scenarios, thergi@al cost of emissions
reductions is higher in the IGSM scenarios, andenobithe abatement is met through
reductions in energy use (Figure 4.22).

Figure 4.22. Percentage Reduction in Primary En&iggss Scenarios

Another factor influencing carbon prices at higlesels of emissions reduction is the
ability to substitute to electricity in end-use ®es, through technologies such as heat
pumps, electrically-generated process heat, otrelexars. Were all end uses to easily
switch to electricity, then the availability of mBacarbon-free power generation options
would allow complete C@emissions reduction at no more than the costexfeh
generation options. However, assumptions abountg#olies for electrification differ
substantially among the modeling groups. The MERG& MiniCAM modeling groups
assumed greater opportunities for substitutiorigotecity than did the IGSM modeling
group in the second half of the®2dentury. As a result the electricity fraction olegy
consumption is higher in the MERGE and MiniCAM sagas, both the reference
scenario and the stabilization scenarios, as showigure 4.23. This means that low- or
zero-carbon electricity supply technologies canasenore effectively as a low-cost
option for emissions reduction, reducing its costshe IGSM scenarios, fuel demand
for transportation, where electricity is not anioptand for which biofuels supply is
insufficient, continues to be a substantial sowfoemissions.

Figure 4.23. Ratio of Global Electricity ProductitmnPrimary Energy
Consumption

Although the main technological influences discdssieove do not emerge for many
decades, they influence carbon prices and econowsis from the outset because of the
approach the modeling teams tookwieenflexibility, as discussed above. This dynamic
view of the stabilization challenge reinforces thet that actions taken today both
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influence and are influenced by the possible whgs the world might evolve in the
future.

Finally, there are other structural differences agithe approaches taken by the
modeling groups that likely play a role in the @ion in carbon prices. For example,
MERGE and IGSM explicitly track investment, whicinedttly affects gross world
product, reducing savings for the next period, whit effect on gross world product
accumulating over time, whereas MiniCAM does notude the impacts of emissions
reductions on capital accumulation. This differen@aild tend to lead to higher
economic costs in MERGE and IGSM scenarios relatwae MiniCAM scenarios.
Similarly, MERGE is a forward-looking model and theehavior allows it to more fully
optimize investment over time, whereas in the M&Cand IGSM investments may be
made in one period that would be regretted in lpggiods (see Chapter 2). This
difference would tend to lead to lower costs inMieRGE scenarios relative to the
scenarios from the other two models. Finally, thaiJAM scenarios include CCS in
cement production which allows for cement emisstonse reduced almost to zero at
higher stabilization levels. The IGSM and MERGEmres include cement production
within an aggregate sector so that mitigation oithat may be specific to this industry
are not explicitly modeled. This omission puts moressure on emissions reductions
elsewhere and raises carbon prices.

46.2. Stabilization and Non-CQ Greenhouse Gas Prices

Each of the three models employs a different aggtréa the non-CQGHGSs. After CQ,
CH, is the next largest component of reference scemadiative forcing. Emissions of
CH,4 vary among the reference scenarios (Figure 3Tk8).IGSM reference scenario
starts in the year 2000 at about 350 Mt/yr andsrisemore than 700 Mt/yr (Figure 4.7),
while the MERGE and MiniCAM scenarios begin in tear 2000 with 300 Mt/yr in the
year 2000. These are anthropogenic @hlissions, and the differences reflect existing
uncertainties in how much of total GlEmissions are from anthropogenic and natural
sources. Chlemissions grow to almost 600 Mt/yr in the MERGEerence scenario. The
MiniCAM reference scenario is characterized by akpe CH, emission at less than 400
Mt/yr, followed by a decline to about 300 Mt/yr.

Each of the groups took a different approach ttrggé stabilization constraint on GH
The MiniCAM scenarios are based on GWP coefficiesisthe price of Clis simply
the price of C@muiltiplied by the GWP — a constant as seen inreigu24.

Figure 4.24. Relative Prices of GHnd NO to Carbon across Stabilization
Scenarios

In contrast, MERGE determines the relative pric€bf, to carbon in the inter-temporal
optimization. The ratio of Clto carbon prices begins very low, although itighler the
more stringent the stabilization goal. The relapviee then rises at a constant
exponential rate of 9% per year in the Level Zr8] 4 stabilization scenarios. The Level
1 stabilization regime begins from a higher inipaice of CH and grows at 8% per year

4-22



OCoO~NOOUIDE WNPE

CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

until it approaches a ratio of between 9 and 1D, twhere it remains relatively constant.
These characteristics of the Cptice are the product of an inter-temporal optatian

for which a constraint in the terminal value ofiedive forcing is the only goal. Manne
and Richels (2001) have shown that different pastare possible if other formulations
of the policy goal, such as limiting the rate o&nQe of radiative forcing, are taken into
account.

The IGSM scenarios are based on a third approaghe@issions are limited to a
maximum value in each stabilization scenario: Ldvat 425 Mt/yr, Level 3 at 385

Mt/yr, Level 2 at 350 Mt/yr, and Level 1 at 305 Wt/As a consequence, the ratio of the
price of CH, to carbon initially grows from one-tenth to a nraxim of between 3 and 14
between the years 2050 and 2080 and then dechiresaffter. As previously discussed,
this reflects an implicit assumption that a long-requirement of stabilization means that
eventually each substance must be (approximatedpendently stabilized, and absent
an explicit evaluation of damages of climate chaage relative time path of relative
GHG prices cannot be determined.

As with CH,, reference emissions oL@ vary across the three modeling groups (Figure
3.17). The IGSM reference trajectory roughly dosldftem approximately 11 Mt/yr to
approximately 25 Mt/yr. In contrast, the MERGE avithiCAM reference scenarios are
roughly constant over time.

MERGE also sets the price op® as part of the inter-temporal optimization preses
shown in Figure 4.24. Note that the relative ptregectory has a value that begins at
roughly the level of the GWP-based relative prisediin the MiniCAM scenarios and
then rises, roughly linearly with time. The relatiprice approximately doubles in the
Level 4 stabilization scenario, but is almost cansin the Level 1 stabilization scenario.
Thus, in the Level 1 scenarios, the relative ppiath of the MERGE and MiniCAM
scenarios is virtually the same.

In contrast, in the IGSM scenarios, stabilizatietssa path to a predeterminegN
concentration for each stabilization level, anddbmplexity of the price paths in Figure
4.24 shows the difficulty of stabilizing the atmbspic level of this gas. Natural
emissions of KO are calculated, which vary with the climate causances of
stabilization. The main anthropogenic source, adjtice, has a complicated relationship
with the rest of the economy through the competifar land use.

The approaches employed here do not necessanlydgae stabilization of the
concentrations of these gases before the end diviiray-first century, as concentrations
are still rising slowly in some cases but below shabilization target (Figure 4.3 and
Figure 4.25). How the longer term stabilizatiorg&trwas approached was independently
developed by each modeling group.

Figure 4.25. MO Concentrations across Scenarios
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4.6.3. Stabilization and Energy Prices

The carbon price drives a wedge between the proguimes of fuels and the costs to
users. Table 4.8 provides an approximation of afitte relationship. A given carbon

price has the largest impact on user cost of copércentage terms because the fuel price
per unit of energy is low, and carbon emissiongelaively high per unit of energy. In
comparison, natural gas prices were at historibsig recent years and G@missions

per unit of energy are low. This means that theaaiprice has a relatively smaller effect
in comparison to the fuel price.

Table 4.8. Relationship Between a $100/ton Cartenand Energy Prices
Figure 4.26. World Oil Price, Reference and Stahtlon Scenarios

Figure 4.27. United States Mine-Mouth Coal PricefdRence and Stabilization
Scenarios

Figure 4.28. United States Natural Gas ProducerséPReference and
Stabilization Scenarios

Figure 4.29. United States Electricity Price, Refere and Stabilization
Scenarios

Stabilization scenarios tend to result in a lowedpicer price for oil (Figure 4.26).
Stabilization at Level 4 has a relatively mode&t@fon the oil price, particularly prior to
2040, but this effect is stronger the more stringlea level of stabilization. Oil price
reductions vary across the three models, rangong the IGSM scenarios, which show
the most pronounced effects, to the MERGE scenasibEh show a substantial effect
only in the Level 1 scenario. The effect on worlldooices, in turn, depends on many
factors, including how the supply of oil is chaextted; the carbon price; and the
availability of substitute technologies for prowditransportation liquids, such as bio-
fuels or hydrogen.

Coal prices are similarly depressed in stabilizasoenarios (Figure 4.27). The effect is
mitigated by two features: (1) the assumed avaitglaf CCS technology, which allows
the continued large-scale use of coal in power igeioa in the presence of a positive
carbon price and (2) a coal supply schedule thaigisly elastic. That is, demand for coal
can exhibit large increases or decreases withoghmhange in price. The high elasticity
of supply in the MERGE scenarios leaves coal pri@egely unchanged across the
scenarios, whereas the MiniCAM and IGSM scenatimsvslower supply price
elasticities and, hence, greater price responses.

The impact on the natural gas producer price issnsomplex (Figure 4.28). Natural gas
has roughly one-half the carbon-to-energy ratioazl. Thus, emissions can be reduced
without loss of available energy simply by substitg natural gas for coal or oil. As a
consequence, two effects on the natural gas progwioe work in opposite directions.
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First, as the carbon price rises, natural gas temtde substituted for other fuels,
increasing its demand. But natural gas substitsted) as electricity, bioenergy, or
energy-efficiency technologies, will tend to digmat from markets, as happens for the
more carbon-intensive fuels. Thus, depending orstitength of these two effects, the
producer price of gas can either rise or fall.

The natural gas price is most affected in the IGSabilization scenarios, reflecting the
greater substitution of natural gas for coal in Mc§abilization Levels 2, 3, and 4. At
Level 1 stabilization, natural gas use is reducest the entire period. On balance, the
natural gas price is less affected by stabilizaiiothe MERGE and MiniCAM scenarios
in which the substitution and conservation effegtsroughly offsetting.

While the price that oil and coal producers recégrels to be either stable or depressed,
that is not the full cost of using the fuel. Buypes/ the market price plus the value of the
carbon emissions associated with the fuel, whi¢dhascarbon price times the fuel’s
carbon-to-energy ratio. If they employ CCS, thebocaremissions are lower, but they
face the added cost of CCS. Any additional carlast will be reflected in the fuel
buyer’s fuel price if the carbon taxes, or requipedmits in a cap-and-trade system, are
placed upstream with fuel producers. On the othedhthe actual fuel price impact they
see may be similar to the producer price impacaibon is regulated downstream where
the fuel is used. In this case, fuel users wouldlide to buy fuel relatively inexpensively,
but would pay a separate large price for necessatyon charges associated with
emissions.

The effect on the price of electricity is anotheambiguous result (Figure 4.29).
Because power generators are fossil fuel consurtiergyrice of electricity contains the
implicit carbon price in the fuels used for genienat All of the scenarios exhibit upward
pressure on electricity prices, and the more stribh¢he stabilization level, the greater the
upward pressure. The pressure is limited by thetlfeat there are many options available
to electricity producers to lower emissions. Theggons include, for example, the
substitution of natural gas for coal; the use oSC@e expanded use of nuclear power;
the use of bioenergy; and the expanded use of Wyttp, and other renewable energy
sources.

4.6.4. The Total Cost of Stabilization

Assessing the macroeconomic cost of stabilizasamt a simple task either conceptually
or computationally. From an economic perspectivst ¢s the value of the loss in welfare
associated with undertaking the prescribed poliegsares or equivalently, the value of
activities that society will not be able to und&gas a consequence of pursuing
stabilization. Although the concept is easy enotagérticulate, defining an unambiguous
measure is problematic.

Stabilization is further complicated by the neeadggregate the welfare of individuals
who have not yet been born and who may or mayhaespresent preferences. Even if
these problems were not difficult enough, econoro@shardly be thought to currently
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be at a maximum of potential welfare. Preexistiraghat distortions impose costs on the
economy, and mitigation actions may interact witénb so as to reduce or exacerbate
their effects. Any measure of global cost also niabs the problem of international
purchasing power comparisons discussed in Chaptanally, climate change is only

one of many public goods, and measures to addtkes ublic goods (like urban air
guality) can either increase or decrease costrdate a metric to report that is consistent
and comparable across the three modeling platfosed in this study, all of these issues
would have to be addressed in some way.

Beyond conceptual measurement issues, any measluding gross domestic product,
depends on features of the scenario such as thmad9articipation by countries of the
world, the terms of the emissions limitation regimgsumed efficiencies of markets, and
technology availability—the latter including energghnologies, non-CAGHG
technologies, and related activities in non-enegptors (e.g., crop productivity that
strongly influences the availability and cost obgucing commercial biomass energy). In
almost every instance, scenarios of the type eggdlbere employ more or less idealized
representations of economic structure, politicgislen, and policy implementation (i.e.,
conditions that likely do not accurately reflect tieal world, and these simplifications
tend to lead to lower mitigation costs).

Finally, assessing welfare effects would requirgliek consideration of how the burden
of emissions reduction is shared among countridstawelfare consequences of
income effects on poorer versus wealthier socie®ésourse, if the world were to
discover and deploy lower cost technology optidrastthose assumed here, these costs
could be lower. On the other hand, if society do@sdeliver the cost and performance
for the technologies assumed in these scenarists could be higher.

While all of the above considerations have not kedansively investigated in the
literature, the implications of less-than-ideal lempentation have been investigated, and
these analyses show that it could increase the sasistantially. Richels et al. (1996)
showed that for a simple policy regime, eliminatingernationalWwhereandwhen
flexibility, while assuming perfeathereflexibility within countries, could potentially
raise costs by an order of magnitude comparedtaiey that employeavhereandwhen
flexibility in all mitigation activities. Richelsraed Edmonds (1995) showed that
stabilizing CQ emissions could be twice as expensive as stalgliZi concentrations
and leave society with higher G@oncentrations. Babiker et al. (2000) similarlpwied
that limits onwhereflexibility within countries can substantially ireaise costs —
although employingvhereflexibility also can increase costs in the conteixtax
distortions (Babiker et al. 2003a, Babiker et 802b, Babiker et al. 2004, Paltsev et al.
2005).

Figure 4.30 reports the change of gross world prbduring the twenty-first century in
the year in which it occurs measured as by markehiange rates. This information is
also displayed in Table 4.9. The use of market angh rates is a convenient choice
given the formulations of the models employed heut as discussed above and in
Chapter 3 the approach has limits (see the Bo3Chapter 3). Though change in gross
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world product is not the most intellectually satisfy measure, it serves as a common
reference point.

Figure 4.30. Impacts of Stabilization on Gross Wdttoduct across
Stabilization Levels

Table 4.9. Percentage Change in Gross World Prad®tabilization
Scenarios

The effects on gross world product are tightly §dko the carbon prices. Therefore
effects on gross world product in the scenaridefwthe same patterns and logic as the
carbon prices, which are discussed in substantjaéigter detail in Section 4.6.1. As with
the carbon price, costs rise with increasing samay of the stabilization level. And, as
with the carbon price, there is variation in caststabilization among the modeling
groups. For example, gross world product in 210@dsiced by 6.8% in the IGSM Level
2 scenario, while the reduction is less than 1%hénMERGE and MiniCAM Level 2
scenarios. The ratio of stabilization costs amdegmodels at other radiative forcing
stabilization levels follows the same pattern.

The cost differences among the models can largebtivibuted the same influences
discussed in Section 4.6.1: (1) the amount thasgioms must be reduced to achieve an
emissions path to stabilization, and (2) the tetgies that are available to facilitate
these changes in the economy. A number of additistractural differences, such as
treatment of capital investment, intertemporal nhatieicture, and emissions reductions
opportunities in cement production also lead téed&nces in prices and costs. As with
emissions prices, although technology differeneasrge primarily in the second half of
the century, their influence felt throughout thatcey because of the common
implementation ofvhenflexibility in the policy design.

The aggregate effect of differences in technolaggueptions among the modeling
groups is small in the first half of the centuttye teffect of differences in these
assumptions is most pronounced in the second h#ieaentury when the deepest
reductions in emissions are required, particulerihe Level 1 and Level 2 scenarios.
All the modeling groups assumed sufficient oppattes for decarbonizing the

electricity sector. However, the MERGE and MiniCAMdeling teams assumed futures
that included greater opportunities to develop himmass substitutes for fossil fuels and
technologies to allow for substitution of electiycior direct fossil applications, such as
transportation. Although these differences emergeasily in the second half of the
century, the implications are felt throughout tleattry because of the manner in which
the modeling groups treatadhenflexibility. The rising carbon price links emissi®
reductions in the long-term to future to emissigeductions in the near-term. A range of
additional, structural differences, such as treatnoé capital investment, intertemporal
model structure, and emissions reductions oppdi&snn cement production lead to
differences in costs.
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Expressed throughout the report is the view thatdvelopment of independent sets of
scenarios using three different models helps tarmfcommon understanding of the
forces that shape opportunities to stabilize greaaé gas concentrations. The
differences discussed here demonstrate the fundahieportance of technology in
facilitating stabilization—patrticularly the importee of future technology, even
developments more than half a century in the fufline scenarios also suggest the
particular importance of options that facilitate fproduction of alternative non-electric
fuels and demand-side technologies that will altbessubstitution of electricity for
current applications of fossil fuels.
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Table 4.1. Long-Term Radiative Forcing Stabilizatiom Levels, Approximate
Distribution among GHGs, and Corresponding Approximate CO, Concentration
Levels.Note that the approximate distribution of radiatieecing among C@and
non-CQ gases, and the associated £f0ncentrations, were used as a guide to
develop the radiative forcing stabilization levelie actual distribution among gases
and resulting C@concentrations do not exactly match these appratartevels in any
of the scenarios. Only the total radiative forciegel is binding.

Approximate
Contribution to | Approximate
Radiative Contribution  Corresponding
Total Radiative | Forcing from to Radiative CO,
Forcing from non-CO, Forcing from  Concentration
GHGs (Wm™) | GHGs (Wm?) | CO, (Wm?) (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 4.5 650
Level 4 6.7 1.4 5.3 750
Year 1998 2.11 0.65 1.46 365
Preindustrial 0 0 0 275

Table 4.2. Radiative Forcing in the Year 2100 Acr@sScenarios.

Radiative Forcing in 2100
(Wm? relative to preindustrial)
Long-Term Radiative
Stabilization Forging Limit IGSM MERGE | MiniCAM
(Wm relative to
Level : :
preindustrial)

Reference No Constraint 8.6 6.6 6.4
Level 4 6.7 6.1 6.2 6.1
Level 3 5.8 5.4 5.7 5.5
Level 2 4.7 4.4 4.7 4.5
Level 1 3.4 3.5 3.4 3.4
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Table 4.3. CQ Concentrations in the Year 2100 Across Scenariopgmv). Note that the
approximate distribution C&Oconcentrations were used as a guide to developaitiative forcing
stabilization levels. The models were required éznthe total radiative forcing limits.

CO, Concentration in 2100 (ppmv)
Approximate Long-
Term CQ IGSM MERGE | MiniCAM
Concentration
Level o
Limit (ppmv)

Referencs -- 875 711 746
Level 4 750 677 670 716
Level 3 650 614 619 656
Level 2 550 526 535 562
Level 1 450 451 426 456
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Table 4.4. Global Annual CQ Capture and Storage in 2030, 2050,
and 2100 for Four Stabilization Levels.

Annual Global CCS (GtCl/yr)
Stabilizatio

n Level Year IGSM MERGE MiniCAM

2030 0.01 0.00 0.09

Level 4 2050 0.44 0.00 0.15

2100 4,12 2.31 0.72

2030 0.05 0.00 0.10

Level 3 2050 0.83 0.00 0.19

2100 4,52 4.79 2.75

2030 0.12 0.00 0.13

Level 2 2050 1.96 0.44 0.38

2100 4.97 6.63 5.56

2030 0.37 0.66 0.82

Level 1 2050 2.76 2.24 2.95

2100 4.44 7.17 6.23

Table 4.5. Global Cumulative CQ Capture and Storage in
2050 and 2100 for Four Stabilization Levels

Cumulative Global Carbon Capture
and Storage (GtC)

Sl IGSM | MERGE | MiniCAM
Level Year

2030 0.0 0.0 1.1

Level 4 | 2050 3.6 0.0 3.4

2100 91.7 21.1 20.7

2030 0.2 0.00 1.2

Level3 | 2050 | 85 0.0 4.0

2100 | 152.8 64.2 51.8

2030 0.5 0.0 1.5

Level 2| 2050 19.5 3.2 6.4

2100 | 208.0 187.7 144.2

2030 1.8 7.4 6.9

Level1 | 2050 | 36.7 32.4 43.0

2100 | 230.6 272.5 278.0
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Table 4.6. Carbon Prices in 2020, 2030, 2050, an@i® for Each Stabilization Scenario and Model.

2020 ($/tonne C)

2030 ($/tonne C)

Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $18 $1 $1 $26 $2 $2
Level 3 $30 $2 $4 $44 $4 $7
Level 2 $75 $8 $15 $112 $13 $26
Level 1 $259 $110 $93 $384 $191 $170
2050 ($/tonne C) 2100 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $58 $6 $5 $415 $67 $54
Level 3 $97 $11 $19 $686 $127 $221
Level 2 $245 $36 $69 $1,743 $466 $420
Level 1 $842 $574 $466 $6,053 $609 $635

Table 4.7: Cumulative Emissions Reductions from th®eference Scenarios across Models in the

Stabilization Scenarios (GtC through 2100)

IGSM MERGE MiniCAM
Level 4 472 112 97
Level 3 674 258 267
Level 2 932 520 541
Level 1 1172 899 934

Table 4.8. Relationship Between a $100/tonne Carbdrax and Energy Prices.

Base Cost Added Cost | Added Cost

Fuel ($2005) (%) (%)

Crude Oil ($/bbl) $60.0 $12.2 20%

Regular Gasoline ($/gal $2.39 $0.26 11%
Heating Oil ($/gal) $2.34 $0.29 12%

Wellhead Natural Gas ($/tc $10.17 $1.49 15%
Residential Natural Gas ($/to $15.30 $1.50 10%
Utility Coal ($/short ton) $32.6 $55.3 170%
Electricity (c/kwWh) 9.6 1.76 18%

Source: Bradley et al. 1991, updated with U.Sraye prices for the"4quarter of 2005 as reported by
DOE, EIA, Short-Term Energy and Winter Fuels Oukl@ctober 10th, 2006 Release
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Table 4.9. Percentage Change in Gross World Produat Stabilization Scenarios.

Level 1

2020 2040 2060 2080 2100
IGSM 2.1% 4.1% 6.7% 10.1% 16.1%
MERGE 0.7% 1.4% 1.9% 1.8% 1.5%
MiniCAM 0.2% 0.7% 1.3% 1.3% 1.2%
Level 2

2020 2040 2060 2080 2100
IGSM 0.5% 1.2% 2.3% 3.9% 6.8%
MERGE 0.0% 0.1% 0.4% 0.6% 0.8%
MiniCAM 0.0% 0.1% 0.3% 0.5% 0.6%
Level 3

2020 2040 2060 2080 2100
IGSM 0.2% 0.4% 0.9% 1.8% 3.1%
MERGE 0.0% 0.0% 0.1% 0.2% 0.3%
MiniCAM 0.0% 0.0% 0.0% 0.1% 0.3%
Level 4

2020 2040 2060 2080 2100
IGSM 0.1% 0.2% 0.4% 0.9% 1.7%
MERGE 0.0% 0.0% 0.0% 0.1% 0.2%
MiniCAM 0.0% 0.0% 0.0% 0.0% 0.0%
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Figure 4.1. Total Radiative Forcing by Year AcrossScenarios (Wn¥). Radiative forcing trajectories
(Wm increase from preindustrial) differ among the #izdtion scenarios but are similar among
models in the stabilization scenarios. The sintyaacross models is reflects the design of theates
Radiative forcing is stabilized or close to beitapdized this century in the Level 1 and Level 2
scenarios. Radiative forcing remains below the L8wnd Level 4 targets in 2100, allowing for a

gradual approach to radiative forcing stabilizatievels in the following century.
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Figure 4.2. Total Radiative Forcing by Gas in 210@cross Scenarios (Wi relative to
preindustrial). CO, is the main contributor to radiative forcing by tbénd of the century. The IGSM
reference scenario has the highest contributiam fnon-CQ GHGs among the three models. The
MERGE stabilization scenarios have the highestrdmtion from non-CQ GHGs among the three
models, implying greater non-G@ontrol efforts in the IGSM scenarios than in MERGE scenarios.
Contributions from non-COGHGs are lowest in the MiniCAM scenarios, reflegtiin part,
assumptions about control of these substancesfechmate reasons.

Reference Scenarios

CH4

Co2

N20

81— Long-Lived F-gases  Short-Lived F-gases

6 +— I

54+ I

Wm?
w &

IGSM

MERGE MiniCAM

Level 4 Scenarios

Level 3 Scenarios

CH4

CO2

6 +— 1

54+ I

N20

Long-Lived F-gases  Short-Lived F-gases

CH4 N20
Long-Lived F-gases  Short-Lived F-gases
COo2

~
=
24
3 | . . —
2 o E— . . —
1
0 T
IGSM MERGE MiniCAM
Level 2 Scenarios
9
CH4 N20
81 Long-Lived F-gases  Short-Lived F-gases
74 C0o2
6 |
~ 54
£
=, ||

IGSM

MERGE MiniCAM

~
=
; 4 4
3 u — — S
2 u — — S
1
0 T
IGSM MERGE MiniCAM
Level 1 Scenarios
9
CH4 N20
81 Long-Lived F-gases  Short-Lived F-gases
74 C0o2
6 4
~ 54
£
B

IGSM

MERGE MiniCAM

4-36



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure 4.3. CQ, Concentrations Across Scenarios (ppmv)n the reference scenarios, atmospheric
concentrations of C£range from about 700 ppmv to 875 ppmv in 2100sxtbe models, with no sign
of slowing. In the stabilization scenarios, difieces among models occur because of the relative
contribution of other GHGs to meeting the radiafimeing targets, and because for Levels 3 antet, t
scenarios are based on a gradual approach toathiézsttion level that will not be reached untieth
following century.
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Figure 4.4. CH, Concentrations Across Scenarios (ppbvpPifferences among the scenarios inCH
concentrations are larger than differences in €@hcentrations. These differences stem from
differences in reference scenarios, assumptiongtaimtions for emissions reductions, and the method
used in the scenarios for determining the relagivéssions reductions among different GHGs. The
MiniCAM scenarios are based on 100-year GWPs. TE&RME scenarios are based on intertemporal
optimization, leading to relatively little valuerfoontrolling CH, until the stabilization level is
approached due to the relatively short lifetim&éf,. The IGSM scenarios are based on independent
stabilization of CH.
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Figure 4.5. Ocean CQ Uptake Across Scenarios (GtC/yr)Oceans have taken up approximately one
half of anthropogenic emissions of €€ince preindustrial times, and future ocean befhasian
important determinant of atmospheric concentratidhg three-dimensional ocean used for the IGSM
scenarios shows the least ocean carbon uptakeoasdierable slowing of carbon uptake even in the
reference when carbon concentrations continuesé fihe MERGE reference scenario shows the
largest uptake among the three models and greathsttion from reference in the stabilization
scenarios. The MiniCAM scenarios are intermediata@st stabilization levels. At the more stringent
stabilization levels, the MERGE and MiniCAM scemarare similar.
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Figure 4.6. Fossil Fuel and Industrial CQ Emissions Across Scenarios (GtC/yrf-ossil fuel CQ
emissions vary among the reference scenarioshbuhtee differing emissions trajectories lead to
emissions in 2100 in the range of 22.5 GtC to Zt0. Level 1 stabilization would require large gibb
emissions reductions as soon as the stabilizabboypwvas put in place (as the scenarios were desig
after 2012). Across the scenarios, emissions dosvburrent levels by 2100 in the Level 1 and LeXel
scenarios. Emissions peak sometime around the emtixy to early in the next century in the Level 3
and Level 4 scenarios and then begin a declineatbald continue beyond 2100.
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Figure 4.7. CH, Emissions Across Scenarios (Mt CHyr). Emissions of anthropogenic GMary

widely among the scenarios, including differencegaar 2000 emissions that reflect uncertainty abou
these emissions. With current concentrations astfulgion rates relatively well known, the diffecen

in current levels means that IGSM scenarios ascalagively more to anthropogenic sources and
relatively less to natural sources than do the MER@Gd MiniCAM scenarios. Wide differences in
scenarios for the future reflect differing modelmgproaches, outlooks for activity levels that lead
emission reductions, and assessments of whethesiems will be reduced in the absence of climate

policy.
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Figure 4.8. NO Emissions Across Scenarios (Mt dD/yr). Anthropogenic emissions of, are
similar across models in the stabilization scersadiespite large differences in the reference stenar
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Figure 4.9. Global Primary Energy by Fuel Across Senarios (EJ/yr). The transition to stabilization, reflected mostyuh the Level

1 scenario, means nearly complete phase-out af fassuse unless carbon capture and sequestratiemployed. Under the most
stringent stabilization level, the scenarios inelad7-fold to 14-fold increase in non-fossil enesgurces from present levels. In the
IGSM scenarios, more of the carbon reduction isthmetugh demand reductions than in the scenarows the other two models, with
2100 energy use cut by up to one-half relativénéoreference scenario in 2100. In the MiniCAM Lel/gin contrast, total energy is
reduced by less than 20%. Levels 2, 3, and 4 requogressively less transformation compared mighréference scenario in the coming

century, delaying these changes until beyond 2100.
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Figure 4.10. Change in Global Primary Energy by FuleAcross Stabilization Scenarios, Relative to Refence Scenarios (EJ/yr):
Fuel-source changes from the reference to theligttimn scenarios show significant transformatodithe energy system for all three
models. The transformation can begin later undettvels 3 and 4 targets, but would need to coatinto the following century. The
transformation includes reductions in energy consion, increased use of carbon-free sources ofggreromass, other renewables,
and nuclear), and addition of carbon capture agdesration. The contribution of each varies anthegnodels, reflecting different

assessments of the economic viability, policy aggions, and resource limits.
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Figure 4.11. Global Electricity by Fuel Across Scearios (EJ/yr). Global electricity sources would need to be tramaém to meet
stabilization goals. CCS is important in the scerzairom all three models; thus, while coal useeduced, it remains an important
electricity fuel. Use of CCS is the main supplyp@sse in the IGSM scenarios, in part because nugptager is limited by assumption to
reflect non-climate policy concerns. Nuclear antereable electricity sources play a larger rolehem MERGE and MiniCAM scenarios.
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Figure 4.12. Changes in Global Electricity by FueRcross Stabilization Scenarios, Relative to Referee Scenarios (EJ/yr)There

are multiple electricity technology options thatiltbbe competitive in the future, and differenteassnents of their relative economic
viability, reliability, and resource availabilitg&d to different scenarios for the global eledtisector in reference and stabilization
scenarios across the models. In the IGSM scendhiexe is relatively little change in the electyector in the reference, with

continued reliance on coal. In the MERGE and MinMCAcenarios, there are large transformations fioepresent in the reference. In
the scenarios from all three models, large chargjasve to the reference scenario would be requivemeet the stabilization targets. In
the less stringent scenarios, many of these chamgelsl be pushed into the next century. In allhef stabilization scenarios, the relative
proportion of electricity in energy consumptionneases, so the reductions in electricity producti@not as large as for primary energy.
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Figure 4.13. U.S. Primary Energy by Fuel Across Seoarios (EJ/yr). U.S. primary energy use under the four stabilizalgvels differs
considerably among the three models. All the séesa@xhibit a diverse energy mix throughout thetegn although the IGSM scenarios

include relatively less nuclear power and non-bissm@newables than the other models. The relatinibutions of different

technologies over the course of the century deparitie specific cost and performance charactesisfithe competing technologies

represented in the scenarios.
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Figure 4.14. Changes in U.S. Primary Energy by Fuélcross Stabilization Scenarios, Relative to Refenee Scenarios (EJ/yr).
Scenarios for the U.S. energy system under referand the changes needed under the stabilizatrasos involve transformations
similar to those reported for the global systenthédligh it is not illustrated in this figure, ondfdrence is the transformation from
conventional oil and gas to synthetic fuel produtitierived from shale oil or coal. The IGSM scemsinclude heavy use of shale oil in
the reference scenario with some coal gasificatMdrereas the MERGE scenarios are based more heavilynthetic liquid and gaseous
fuels derived from coal. The MiniCAM scenarios ¢ moderate levels of both.
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Figure 4.15. U.S. Electricity by Fuel Across Scenas (EJ/yr). In these scenarios, U.S. electricity-generationcsiand technologies
are substantially transformed to meet stabilizatéwgets. CCS figures in all the stabilization so@rs, but the contribution of other sources
and technologies as well as the total amount aftretety used differ substantially among the threedels.

IGSM MERGE MiniCAM
(/). 40 T T T T T T 40 T T T T T T T T T T 40 T T T T T T T T T T
4 Non-Biomass Renewables Non-Biomass Renewables ! ! ! ! Non-Biomass Renewables ! ! ! !
D 351" mNuclear —— 351 mNuclear | | | | 351 mNuclear | | | |
o B Commercial Biomass B Commercial Biomass ! ! ! ! B Commercial Biomass ! ! ! !
— 30 30 + + L HH HH H 30 + ]
—_ H Coal H Coal | | | | H Coal | | | |
| ® Natural Gas ® Natural Gas | ® Natural Gas | I
o 5 Natural G Natural G | - Natural G '
o= o | = | |
% g Ezo 1 n IJSJ‘zo 1
d—
Q 15 - 15
Lo
O =
c L 10 - 10 -
m I
P
[ 5 1 5 1
Y
3 i
0 - 0 -
o 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
(]
(@) 40 T T T T T T T 40 T T T T T T T 40 T T T T T T T
c Non-Biomass Renewables | | Non-Biomass Renewables | Non-Biomass Renewables |
[ 35 + ® Nuclear [ T E— 35 4 ® Nuclear ! 35 |- ® Nuclear -
- B Commercial Biomass | | B Commercial Biomass | B Commercial Biomass |
S = 304  #Coal:w/CCS g 304  #Coal:w/CCS == T 30l  #Coal:w/CCS
oal: w/o I oal: w/o |
.. O M Coal: w/o CCS M Coal: w/o CCS
7 B~ 25 | 2 Natural Gas: w/ CCS ! 25 | W Natural Gas: w/ CCS | | | !
(@) 6 ® Natural Gas: w/o CCS ® Natural Gas: w/o CCS :
= O 520 | =zOil:w/cCs % Oil: w/ CCS
C = 3 m Oil: wio CCS m Oil: wio CCS
(]C) L 15 | | | |
Qv
)] 10
)
<
— C 51
O —
> 0 -
3 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100

4-56



CCSP Product 2.1, Part A

DRAFT FOR CCSP REVIEW

% 40 T T T T T T T
c Non-Biomass Renewables | |
c 35 | ®Nuclear ! !
o ® Commercial Biomass | |
O & 30 #Coalwccs —
. O H Coal: w/o CCS I I
n = 25 1 & Natural Gas: w/ CCS
(@) *5 H Natural Gas: w/o CCS
% o) 520 | # Oil: w/ CCS
)
= u
c u
Q. 15
SN0
wn = 10
D
o™
T = %]
(1>J 0
| 2000 2020 2040 2060 2080 2100
c Non-Biomass Renewables I I
c 35 1 ®Nuclear : :
N = B Commercial Biomass ‘ ‘
30 4 # Coal: w/ CCS
O = B Coal: w/o CCS | |
S
0w = 251 W Natural Gas: w/ CCS
(@) *5 H Natural Gas: w/o CCS
= O &,] #Oikwces
© = 3 m Oil: wio CCS
cw “
() . 15 4
Qw0
wn = 10
D
(qV]
T = °
g
| 2000 2020 2040 2060 2080 2100
% 40 T T T T T T T
c Non-Biomass Renewables I I
o 35 1 ®Nuclear : :
e > B Commercial Biomass ‘ ‘
= 304  #Coal:w/CCS
o 0 M Coal: w/o CCS | |
S
0w = 251 ' Natural Gas: w/ CCS ! !
o *5 H Natural Gas: w/o CCS
= O 2, #Oiwces
g m o m Oil: wio CCS
() . 15 4
Qw0
wn = 10
D
—
T) E 5 .
g - %
| 2000 2020 2040 2060 2080 2100

40

35 41

30 A

Non-Biomass Renewables
® Nuclear
B Commercial Biomass
7 Coal: w/ CCS
B Coal: w/o CCS

2000 2020 2040 2060 2080 2100
40 T T T T T
Non-Biomass Renewables
35 | ® Nuclear
B Commercial Biomass
30 4 # Coal: w/ CCS | |

M Coal: w/o CCS
Natural Gas: w/ CCS
M Natural Gas: w/o CCS

2000 2020 2040 2060 2080 2100
40 T T T T T T
Non-Biomass Renewables |
35 | ® Nuclear !
B Commercial Biomass :
30 4 # Coal: w/ CCS | D B |
M Coal: w/o CCS |
25 1 A Natural Gas: w/ CCS | | !
® Natural Gas: w/o CCS :
20 1 % Oil: w/ CCS
Hm Oil: wio CCS

2000

2020 2040

2060

MERGE

2080

2100

40 T T T T T T
Non-Biomass Renewable: |
35 | ® Nuclear !
B Commercial Biomass :
30 4 # Coal: w/ CCS
M Coal: w/o CCS |
251 ¥ Natural Gas: w/ CCS e 0 |
® Natural Gas: w/o CCS :
20 | # Oil: w/ CCS
H Oil: wio CCS
15 4
IGEl B R H R B R
5 .
0 e e BN .
2000 2020 2040 2060 2080 2100
40 T T T T T T
Non-Biomass Renewables |
35 | ® Nuclear !
B Commercial Biomass :
30 4 # Coal: w/ CCS
B Coal: w/o CCS |
o5 1 ¥ Natural Gas: w/ CCS s 1 0 |
]
|

M Natural Gas: w/o CCS

20 | # Oil: w/ CCS
H Oil: wio CCS
15 -
10 A
' A\
5 .
0 .
2000 2020 2040 2060 2080 2100
40 T T T T T T
Non-Biomass Renewables |
35 | ® Nuclear !
B Commercial Biomass :
30 4 % Coal: w/ CCS
B Coal: w/o CCS |
25 1 Natural Gas: w/ CCS i 1 1 0 |
® Natural Gas: w/o CCS :
20 1 % Oil: w/ CCS
| Oil: wio CCS

2000

2020 2040

2060 2080

MiniCAM

2100

4-57



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure 4.16. Change in U.S. Electricity by Fuel Aoss Stabilization Scenarios, Relative to Referenc&cenarios (EJ/yr).
Transformation of the U.S. electricity-generatiectsr in these scenarios implies increasing usevefor zero-carbon technologies, such
as renewable electricity sources, nuclear powet fassil generation with CCS, and decreasing udessil fuel technologies that freely
emit CQ to the atmosphere. Natural gas use increases igattly part of the century in several scenarias lasver carbon substitute for
coal-fired generation. In all of the stabilizatiecenarios, the relative proportion of electricrtyenergy consumption increases, so the
reductions in electricity production are not agéaas for primary energy. In one scenario (MiniCA&Vel 1), electricity production in the
U.S. increases under stabilization.
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Figure 4.17. Global and U.S. Commercial Biomass Pduoiction Across ScenariosScenarios of the potential for commercial biomass
production for the world and the U.S. are simitamagnitude and behavior among the models. Comaidricimass production increases
over time in the reference scenarios due in laggetp technological improvements in bioenergy qoopduction and increasing demand
for liquid fuels. Stabilization increases the deoh&or bioenergy crops, causing production to insesmore rapidly and to reach higher
levels than in the reference scenario. Dramatiavtiron bioenergy crop production raises importasties about the attendant increases
in the land that is devoted to these crops, indg@iompetition with other agricultural crops, eraoment into unmanaged lands, and
water and other resource and environmental impacts.
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Figure 4.18. Net Terrestrial Carbon Flux to the Atnosphere Across Scenarios (GtC/yr)The net
terrestrial carbon flux to the atmosphere, undiremce and stabilization levels, reflects diffeenin

the model structures for processes that remainynigicertain. The MERGE scenarios are based on the
assumption of a neutral biosphere. The IGSM and@GAM scenarios generally represent the land as a
growing carbon sink, with the exception of the Uev&iniCAM scenario, in which increased demand
for land for biomass production leads to conversind carbon loss. This effect is particularly sgron

prior to 2080 in the Level 1 MiniCAM scenario.
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Figure 4.19. Carbon Prices Across Stabilization Searios ($/tonne C).Stabilization implies a cost for emitting carbom.all the
scenarios, this price rises, by design, over timé stabilization is achieved (or the end-year @i9reached), and the prices are higher
the more stringent is the stabilization level. Ehare substantial differences in carbon prices @etmMERGE and MiniCAM scenarios,
on the one hand, and the IGSM scenarios on the. @iféerences between the models reflect diffeesnihie necessary emissions

reductions for stabilization and differences in tisehnologies that might facilitate carbon emissiteductions, particularly in the second
half of the century.

IGSM

1600 -

1200 -

$/tonne (2000%$)

Carbon Prices ($/tonne C)

—k—IGSM_Level3
—— IGSM_Level4

2040

2060 2080

Year

2100)

1600 -

1200 A

$/tonne (2000$)
for]
o
o

400 A

0 M———————

2020

MERGE_Level2
—X¥—MERGE_Level3
—&— MERGE_Level4

2040 2060

Year

2080 2100

$/tonne (2000$)

1600 -

1200 A

for]
o
o

400 A

2020

MERGE MiniCAM
2000 2000 2000
IGSM_Levell MERGE_Levell MINICAM_Levell
IGSM_Level2

—=—MINICAM_Level2
—X%—MINICAM_Level3
—&e— MINICAM_Level4

2040 2060

Year

2080 2100

4-62



CCSP Product 2.1, Part A DRAFT FOR CCSP REVIEW

Figure 4.20. Ratio of Relationship Between Carbonrize and Percentage Reductions in Emissions
in 2050 and 2100The relationship between carbon price and percemraductions in emissions is very
similar among the models in 2050. In 2100, a gipercentage emissions reduction is generally more
expensive in the IGSM scenarios than in the MERGEMIniCAM scenarios. The difference in 2100
is due, in large part, to different assumptionsardong the technologies available to facilitate €smins
reductions in the second half of the century, Wd®M scenarios assuming relatively fewer or more
costly options than the other two models. (Noté @@ emissions vary across the reference scenarios

from the three modeling groups, so that similacpetage reductions, as shown in this figure, imply
differing levels of total emissions reduction.)
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Figure 4.21. Percentage of World Electricity from Low-or Zero-Emissions TechnologiesAll three modeling groups assumed
sufficient technological options to allow for sudnstially reduced carbon emissions from electric @oproductions. Options include
fossil power plants with CCS, nuclear power, antkveable energy such as hydroelectric power, windgppand solar power. In the

Level 1 Scenarios, the electricity sector is alnioly decarbonized by the end of the century iroathe models.
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Figure 4.22. Percentage Reduction in World PrimanEnergy Consumption.Differences in technological opportunities resnlt i
different aggregate approaches to emissions remhsctiThe IGSM scenarios include greater reduciiopsimary energy consumption
than the MERGE and MiniCAM scenarios because féaainological opportunities, on both the demandsanply side, are available
for emissions reductions through substitution t@ &w zero-carbon energy sources.
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Figure 4.23. Ratio of Global Electricity Productionto Primary Energy Consumption. Efforts to constrain C@emissions result in
increased use of electricity as a fraction of tptahary energy in all three of the models. Thibégause all three modeling teams
assumed lower cost technology options for redustinremissions from electricity production than gabstitution of fossil fuels in direct
uses such as transportation. The MERGE and MiniG&bharios generally include greater electrificatltan the IGSM scenarios, with
MiniCAM having the highest proportion of electrigito primary energy. Greater opportunities to elcteduce the economic impacts

of stabilization.
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Figure 4.24. Relative Prices of Chland N,O to Carbon Across Scenarios (CHin log scale) Differences in the relative prices of ¢H
and NO to carbon reflect different treatments of thegd&off, often referred to aghatflexibility. In the MiniCAM scenarios, the tradeoff
is based on the GWP of the non-08HGs, which are constants, leading to constaiasrat the non-GHG prices to the carbon price. In
the MERGE scenarios, relative prices are optimizied respect to the long-run stabilization tardetthe IGSM scenarios, stabilization
was forced for each gas independently. Emissiome g&t so that concentrations of Okbuld stabilize and allowed the GHrice path

to be determined by changing opportunities for ocaulyiemissions. Given D emissions from agriculture, the relative pricdNe® is

very high, in part because reference emissions highe Lower reference scenario emissions gD for the MERGE and MiniCAM
scenarios allowed them to achieve relatively lowssions at lower BD prices.
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Figure 4.25. NO Concentrations Across Scenarios (ppbvAtmospheric concentrations ob® range
from about 375 ppbv to 500 ppbv in 2100 acrosstamarios, with concentrations continuing to nse i
the reference scenarios. Different approaches usaéd across the models to develop emissions
reductions, leading to differences in concentraibetween the reference and stabilization scenarios
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Figure 4.26. World Oil Price, Reference and Stabitiation ScenariosWorld oil prices (producer prices) vary consideyadtross the
reference scenarios. In all three models, staktidizdends to depress producer prices relativeeaeference. (Note that producer prices as
defined here do not include additional costs assediwith carbon emissions to the atmosphere thréheg combustion of fossil fuels.)
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Figure 4.27. U.S. Mine-Mouth Coal Price, Referencand Stabilization ScenarioslU.S. mine-mouth coal price varies among the refaxen
scenarios and stabilization scenarios. In the 1GB8 MiniCAM stabilization scenarios, stabilizatidepresses coal prices, whereas
stabilization has no impact on coal prices in tHeERGE scenarios reflecting characterization of soglply as an inexhaustible single grade
such that there is no rent associated with theuresoPrices thus reflect the cost capital, lahod other inputs that are little affected by the
stabilization policy. (Note that producer pricesda$ined here do not include additional costs dased with carbon emissions to the
atmosphere through the combustion of fossil fuels.)
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Figure 4.28. U.S. Natural Gas Producers’ Price, Refence and Stabilization Scenariog).S. natural gas producers’ prices vary among
the reference scenarios. In the MiniCAM and MERGE&nsrios, stabilization has little effect on the gace. Stabilization at Levels 2, 3,
and 4 increases the price of gas in the IGSM sa@nbecause of substitution toward gas and awawy @wal and oil. Gas prices fall relative
to reference scenario in the IGSM Level 1 staltiicrascenario because gas demand is depressedHediight carbon constraint. (Note that
producer prices as defined here do not includetiaddi costs associated with carbon emissionsd@timosphere through the combustion of
fossil fuels.)
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Figure 4.29. U.S. Electricity Price, Reference an8tabilization ScenariosU.S. electricity prices in the reference scenaramge from

little change to about a 50% increase from prelesds in IGSM. Under stabilization, producer ps@e affected by increasing use of more
expensive low- or zero-emissions electricity tedbg@s, including fossil electricity with CCS andmbiomass renewables such as solar and
wind power. Across the scenarios, rising fossil fueces are partially offset by increasing effiody of fossil electric-generation facilities.
(Note that producer prices as defined here donubaide additional costs associated with carbon @oms to the atmosphere through the

combustion of fossil fuels.)
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Figure 4.30. Gross World Product Impacts of Stabikation Across Stabilization Levels
(percentage).Stabilization imposes costs on the economy, anddsia terms of gross world product,
costs rise over time as ever more stringent enmsgiestrictions are required. The tighter the
stabilization target, the higher the cost. Variaiio costs among the models reflect differences in
reference scenario emissions; differences in tipecaggches used to distribute carbon emissions
reductions over time; and differences in the castavailability of low-carbon technologies, partanly
in the second half of the century.
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5.1. Introduction

Scenarios based on formal, computer-based models,as those developed here, can
help illustrate how key drivers such as economit population growth or policy options
lead to particular levels of GHG emissions. An imiant benefit of models such as these
is that they ensure basic accounting identitiescamsistent application of behavioral
assumptions. However, model-based scenarios ayeorlapproach to scenario
development, and models designed for one set gioges may not be the most
appropriate for other applications. Thus, the sdesaleveloped here should be viewed
as complementary to other ways of thinking aboetfthure, such as formal uncertainty
analyses, verbal story lines, baselines for furthedel-based scenarios, and analyses
using other types of models.

The users of emissions scenarios are many andséiaed include climate modelers and
the science community, those involved in nationddlie policy formulation, managers of
Federal research programs, state and local govertroffecials who face decisions that
might be affected by climate change and mitigatr@asures, and individual firms,
farms, and members of the public. Such a varieshtdie implies an equally diverse set
of possible needs, and no single scenario execaiséope to satisfy all of these needs.
Scenario analysis is most effective when its dgy@&i® can work directly with users, and
initial scenarios lead to furtherhat if questions that can be answered with additional
scenarios or by probing more deeply into particidanes. The Prospectus for this
research did not, however, prescribe such an ictieeaapproach with a focused set of
users. Instead, it called for a set of scenariasgihovide broad insights into the energy,
economic, and emissions implications of GHG stahilon. For the issue of stabilization,
these scenarios are an initial offering to poténis@r communities that, if successful,
will generate further questions and more detaileal\sis.
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This research focuses on three sets of scenaaol,iecluding a reference scenario and
four scenarios in which the radiative forcing foansommon suite of GHGs is stabilized
at four alternative levels. The stabilization scergdescribe a range of possible long-
term targets for global climate policy. The statation levels imply a range of policy
efforts and levels of urgency, from relativelylétdeviation from reference scenarios
over the course of the century to major deviat&tasting very soon. Although the
Prospectus did not mandate a formal treatmenkeliiood or uncertainty, such analysis
could be a useful follow-on activity. Here, howewiie range of outcomes from the
different modeling groups helps to illustrate n€ompletely, the range of possibilities.

For this research, a scenario is an illustratiofutafre developments based on a model of
the economy and the Earth system, applying a giluset of model parameters and
providing a basis for future work. None of the refece scenarios is a prediction or best-
judgment forecast of the future, and none can littednave the highest probability of
being right. Nor does any single stabilization szenprovide the most correct picture of
the changes to energy and other systems that vbeuldquired for stabilization. Instead,
each scenario in this report is a thought experirtieat helps illuminate the implications
of different long-term policy goals.

5.2. Overview of the Scenarios

The scenarios are presented in text and figur&hapters 3 and 4, and here a summary
is provided of some of their key characteristicane of the magnitudes involved, and the
assumptions that lie behind them.

5.2.1. Reference Scenarios

The difficulty in achieving any specified level afmospheric stabilization depends
heavily on the emissions that would occur absetm s to address GHG emissions. In
other words, the reference scenario strongly imibes the stabilization scenarios. If the
reference scenario has cheap fossil fuels anddaghomic growth, then larger changes
to the energy sector and other parts of the ecomaaybe required to stabilize the
atmosphere. On the other hand, if the referenasasiceshows lower growth and
emissions, and perhaps increased exploitation ffossil sources even in the absence
of climate policy, then the effort required to skale radiative forcing will not be as
great.

Energy production, transformation, and consumpdiencentral features in all of these
scenarios, although non-G@ases and changes in land use also make a sagific
contribution to aggregate GHG emissions. Demaneémf@rgy over the coming century
will be driven by economic growth and will also steongly influenced by the way that
energy systems respond to depletion of resourbasiges in prices, and improvements in
technology. Demand for energy in developed cousiteenains strong in all scenarios
and is even stronger in developing countries, whaheons of people seek greater access
to commercial energy. These developments stromfliyance the emissions of GHGs,
their disposition, and the resulting change inatide forcing under reference conditions.
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The three reference scenarios show the implicatbtisis increasing demand and the
improved access to energy. The variation betweemeference scenarios reflects the
differing assumptions used by the modeling groups.

Global primary energy production rises substanyiali all three reference
scenarios, from about 400 EJ/yr in 2000 to betweeighly 1275 EJ/yr and 1500
EJd/yr in 2100 (Figure ES.1). U.S. primary energgdguction also grows
substantially, about 1% to 2¥% times present lelrgl2100. Primary energy
growth occurs despite continued improvements ireffieiency of energy use and
energy production technologies. For example, the. l@nergy intensity—the ratio
of energy consumption to economic output—declifés ® 75% between 2000
and 2100 across the three reference scenarios.

All three reference scenarios include a gradualuetn in the consumption of
conventional oil resources. However, in all threderence scenarios, a range of
alternative fossil-based resources, such as syiethetls from coal and
unconventional oil resources (e.g., tar sands aihdhales), are available and
become economically viable. Fossil fuels provideasdt 90% of the global energy
supply in the year 2000, and they remain the dontieaergy source in the three
reference scenarios throughout the twenty-firstwan supplying 70% to 80% of
total primary energy in 2100.

Non-fossil fuel energy use also grows over thewgnh all three reference
scenarios. Contributions in 2100 range from 250&450 EJ—an amount
equaling roughly ¥z times to a little over total géd energy consumption today.
Despite this growth, these sources never supptessilffuels, although they
provide an increasing share of the total, partialyan the second half of the
century.

Consistent with the characteristics of primary agerglobal and U.S. electricity
production continues to rely on coal, although ttasmtribution varies among the
reference scenarios). The contribution of renewalnlé nuclear energy varies
considerably in the different reference scenartegpending on resource
availability, technology, and non-climate policynstderations. For example,
global nuclear generation in the reference sceraranges from about 1% times
current levels (if non-climate concerns such agtgafvaste, and proliferation
constrain its growth as is the case in one refeessuenario), to an expansion of
almost an order of magnitude assuming relative eoanos as the only constraint.

Oil and natural gas prices rise through the centrelative to year 2000 levels,
whereas coal and electricity prices remain relalyvgtable. It should be
emphasized, however, that the models used indbesarch were not designed to
simulate short-term, fuel-price spikes, such asehthat occurred in the 1970s,
early 1980s, and more recently in 2005. Thus, pirieeds in the scenarios should
be interpreted as multi-year averages.
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As a combined result of all these influences, eanssof CQ from fossil fuel
combustion and industrial processes in the refezestenarios increase from
approximately 7 GtC/yr in 2000 to between 22.5 @t@nd 24.0 GtC/yr in 2100;
that is, from 3 to 3% times current levels.

The non-CQ GHGs, CH, N0, Sk, PFCs, and HFCs, are emitted from various sources
including agriculture, waste management, biomassibg, fossil fuel production and
consumption, and a number of industrial activities.

Future global anthropogenic emissions of £tthd NO vary widely among the
reference scenarios, ranging from flat or declingmgissions to increases of 2 to
2% times present levels. These differences reflernative views of
technological opportunities and different assummiabout whether current
emissions rates will be reduced significantly fonfclimate reasons, such as air
pollution control and/or higher natural gas pricésat would further stimulate the
capture of CH emissions for its fuel value.

Increases in emissions from the global energy systed other human activities lead to
higher atmospheric concentrations and radiativeirigr This increase is moderated by
natural biogeochemical removal processes.

The ocean is a major sink for GGnd the rate at which the oceans take up CO
generally increases in the reference scenariosoasentrations rise early in the
century. However, processes in the ocean can $imwvdte of increase at high
concentrations late in the century. The three refiee scenarios have ocean
uptake in the range of 2 GtC/yr in 2000, risingatmout 5 GtC/yr to 11 GtClyr by
2100. The three ocean models behave more similathe stabilization
scenarios; for example, the difference betweenmogdake in the most stringent
stabilization scenarios is less than 1 GtC/yr 9@l

Two of the three participating models include sulideis of the exchange of €O
with the terrestrial biosphere, including the ngtake by plants and soils and the
emissions from deforestation. In the reference ates from these modeling
groups, the terrestrial biosphere acts as a smatual net sink (less than 1
GtClyr of carbon) in 2000, increasing to an annaoat sink of roughly 2 GtC/yr

to 3 GtC/yr by the end of the century. The thirdlelmg group assumed a zero
net exchange. Changes in emissions from terresystems over time in the
reference scenarios reflect assumptions about huasénity (including a decline
in deforestation) as well as increased Qdptake by vegetation as a result of the
positive effect of COon plant growth. There remains substantial undetta
about this carbon fertilization effect and its exadn under a changing climate.

As a result, GHG concentrations rise substantiaihgr the century in the
reference scenarios. By 2100, £6ncentrations range from about 700 ppmv to
900 ppmv, up from 365 ppmv in 1998. {ddncentrations in 2100 range from
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2000 ppbv to 4000 ppbv, up from 1745 ppbv in 1888,NO concentrations in
2100 range from about 375 ppbv to 500 ppbv, up Barh ppbv in 1998.

« As a result, radiative forcing in 2100 ranges frérd Wnit to 8.6 Wrif relative to
preindustrial levels, up from a little over 2 Wroday. The non-COGHGs
account for about 20% to 25% of the forcing at ¢inel of the century.

5.2.2. Stabilization Scenarios

Important assumptions underlying the stabilizaoanarios include the flexibility that
exists in a policy design and, as represented éynbdeling groups, seeking out least
cost options for emissions control regardless ofnelthey occur, what substances are
controlled, or when they occur. This set of comdis is referred to aghere, whatand
whenflexibility. Equal marginal costs of abatement ameagions across time (taking
into account discount rates and the lifetimes tssances), and among substances
(taking into account their relative warming potahaind different lifetimes) will, under
specified conditions, lead to least cost abatenteaxth modeling group applied an
economic instrument that priced GHGs in a mannasistent with the group’s
interpretation ofvhere, whatandwhenflexibility. The economic characteristics of the
scenarios thus assume a policy designed with teatiof achieving the required
reductions in GHG emissions in a least-cost way ikglications of these assumptions
are that: (1) all nations proceed together in iegtg GHG emissions from 2012 and
continue together throughout the century, andttimsame marginal cost is applied
across sectorsvhereflexibility); (2) the marginal cost of abatemerdas over time in
these three sets of scenarios based on each ngpdetinp’s interpretation afhen
flexibility, with the effect of linking emissions itigation efforts over the time horizon of
the scenarios; and (3) stabilization of radiatimesiing is achieved by combining control
of all GHGs — with differences in how modeling gpsicompared them and assessed the
implications ofwhatflexibility.

Although these assumptions are convenient for &éinalypurposes, to gain an impression
of the implications of stabilization, they are iiead versions of possible outcomes. For
the abatement costs in these scenarios to be espatise of actual abatement costs
would require, among other things, that a negaliateernational agreement include
these features. Failure in that regard would hasbatantial effect on the difficulty of
achieving any of the stabilization levels in coese&tl in this researckor example, a
delay of many years in the participation of sonrgdacountries would require greater
effort by the others, and policies that imposeedéhtial burdens on different sectors
without mechanisms to allow for equalizing margioasts across sectors can result in a
many-fold increase in the cost of any environmegéah. Thereforelf /s important to
view these scenarios as representing possible fesunder specified conditions, not
as forecasts of the most likely outcome within th&tional and international political
systemFurther, none of the scenarios considered the etdemhich variation from

these least-cost rules might be improved upon gnEmactions with existing taxes,
technology spillovers, or other non-market extatiesl.
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If the developments in these reference scenarios tweoccur, concerted efforts to
reduce GHG emissions would be required to stabizgative forcing at the levels
considered in this research. Such limits would shtaphnology deployment throughout
the century and have important economic conseqgefte scenarios demonstrate that
there is no single technology pathway consistetit wigiven level of radiative forcing.
Furthermore, there are other possible pathwaystti@se considered in this research.

Stabilization efforts are made more challengingh®yfact that in two of the
modeling groups’ formulations, both terrestrial andean CQ uptake decline as
the stringency of emissions mitigation increases.

Stabilization of radiative forcing at the levelsaexined in this research would
require a substantially different energy systenbglty, and in the U.S., than
what emerges in the reference scenarios. The degr@é¢iming of change in the
global energy system depends on the level at whitlative forcing is stabilized.

Across the stabilization scenarios, the energyesyselies more heavily on non-
fossil energy sources, such as nuclear, solar, wimemass, and other renewable
energy forms, than in the associated referenceasstesn The scenarios differ in
the degree to which these technologies are dep]aegbnding on assumptions
about: technological improvements; the ability i®eocome obstacles, such as
intermittency in the case of solar and wind poweersafety, waste, and
proliferation issues in the case of nuclear poward the policy environment
surrounding these technologies. End-use energyuropson, while still higher
than today’s levels, is lower in the stabilizat&senarios than in the reference
scenarios.

CCS is widely deployed because each modeling gassymed that the
technology can be successfully developed and thraterns about storing large
amounts of carbon do not impede its expansion. Raned this assumption
would make the stabilization levels more diffi¢alachieve and would lead to
greater demand for low-carbon sources such as rab&wenergy and nuclear
power, to the extent that growth of these othersasiis not otherwise
constrained.

Significant fossil fuel use continues across thbiszation scenarios, both
because stabilization allows for some level of carbmissions in 2100
depending on the stabilization level and becausbepresence in all the
stabilization scenarios of CCS technology.

Emissions of non-C{GHGSs, such as CHN,O, HFCs, PFCs, and S$Fare all
substantially reduced in the stabilization scenario

Increased use is made of biomass energy cropsottteibution of which is
ultimately limited by competition with agricultuaad forestry, and in one
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participating model, by the associated impactsiofass expansion on carbon
emissions from changes in land use.

* The lower the radiative forcing stabilization leyviile larger the scale of change
in the global energy system relative to the refeeescenario required over the
coming century and the sooner those changes wadd to occur.

» Across the stabilization scenarios, the scale efdmissions reductions required
relative to the reference scenario increases owee twith the bulk of emissions
reductions taking place in the second half of thietary. But emissions reductions
occur in the first half of the century in everylstaation scenario.

* The 2100 time horizon of this research limited eration of the ultimate
stabilization requirements. Further reductions i@£{emissions after 2100 would
be required in all of the stabilization scenaribgcause atmospheric stabilization
at any of the levels considered in this researciures human emissions of €O
in the long term to be essentially halted. Desthigefact that much of the carbon
emissions will eventually make its way into oceam terrestrial sinks, some will
remain in the atmosphere for thousands of yearéy O€S can allow continued
burning of fossil fuels. Higher radiative forcinignits can delay the point in time
at which emissions must be reduced toward zerahmitequirement must
ultimately be met.

Fuel sources and electricity generation technotogiange substantially, both globally
and in the U.S., under stabilization scenarios amexgbto the reference scenarios. There
are a variety of technological options in the eleity sector that reduce carbon
emissions in these scenarios.

* Nuclear energy, renewable energy, and CCS all pigortant roles in
stabilization scenarios. The contribution of eaehi@s, depending on
assumptions about technological improvements, kiiléyato overcome obstacles
such as intermittency of supply, and the policyiremment surrounding them.

* By the end of the century, electricity produceddyventional fossil technology
that freely emits C@is reduced in the stabilization scenarios relatioeeference
scenario scenarios. The level of electricity prasutfrom technologies that emit
CO, varies substantially with the stabilization leviel;the lowest stabilization
level, electricity production from these techno&sgis reduced toward zero.

The economic effects of stabilization are subsshitiimany of the stabilization
scenarios, although much of this cost is borne latthe century if the mitigation paths
assumed in these scenarios are followed. As natdiére each of the modeling groups
assumed that a global policy was implemented afié@, with universal participation by
the world’s nations, and that the time path of atiduns approximated a least-cost
solution. These assumptionsvafiere when andwhatflexibility lower the economic
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consequences of stabilization relative to what tngyht be with other implementation
approaches.

The stabilization scenarios follow a pattern whenemost scenarios, the carbon
price rises steadily over time, providing an oppiity for the energy system to
adjust gradually.

Although the general shape of the carbon pricescyry over time is similar
across the models, the carbon prices vary substiyficross the models. For
example, two of the scenarios have prices of $1etow per tonne of carbon in
2020 for the less stringent scenarios, with theicgs rising to roughly $100 per
tonne in 2020 for the most stringent stabilizatievel. A third scenario shows
higher initial carbon prices in 2020, ranging fromnound $20 for the least
stringent stabilization level to over $250 for thest stringent stabilization level.

Although the general shape of the carbon pricesrtyry is similar across the
models, they imply substantially different carboicglevels. Factors
contributing to this difference include (1) diffaces in the total reduction in GO
emissions that is required for stabilization, a2yl differences in assumptions
regarding technology options, particularly in thecend half of the century, to
shift final demand to electricity or other low-g8ources, such as biofuels or
hydrogen, in applications such as transportatiorhome heating. Differences
among the scenarios reflect the uncertainty thedrats the far future.

Differences in non-C@gases also contribute to differences in abateroests.
Scenarios that assume relatively better performariceon-CQ emissions
mitigation require less COabatement and therefore less stringent changésein
energy system, to meet the same overall radiabingenig goal.

These differences in carbon prices, along with othedel features, lead to
similar variation in the costs of stabilization. der the most stringent
stabilization level, for example, gross world proti(aggregating country figures
using market exchange rates) is reduced in 2059 fram around 1% in two of
the scenarios to approximately 5% in the third, am@100 from less than 2% in
two of the scenarios to over 16% in the third.

The assumption of when flexibility links elememts scenario through time. This
in turn means that in addition to near-term teclogyl availability, differences in
assumptions about technology post-2050 period r@#ected in near-term
emissions reductions and GHG prices.

In all of the stabilization scenarios, emissionduetions in electric power sector
come at relatively lower prices than in other sest@.g. buildings, industry, and
transport) so that the electricity sector is esgalyt decarbonized in the most
stringent scenarios. At somewhat higher cost asleetors can respond to rising
carbon prices by reducing demands for fossil fuegbglying CCS technologies
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where possible, and substituting non-emitting epeaurces such as bioenergy,
electricity, and hydrogen. All of the scenariosrgase the amount of electricity
used per unit of total primary energy, but thosenscios with the highest relative
use of electricity tend to exhibit lower stabilipait costs in part because of the
larger role of decarbonized power generation. Asstioms regarding costs and
performance of technologies to facilitate thesauatipents, particularly in the
post-2050 period, play an important role in detarmg stabilization costs

» As noted earlier, the overall cost levels are sgignnfluenced by the idealized
policy scenario that has all countries participagifrom the start, the assumption
of where flexibility, an efficient pattern of eniss reductions over time, and
integrated reductions in emissions of the diffel@mGs. Assumptions in which
policies are implemented in a less efficient maweuld lead to higher cost.
Thus, these scenarios should not be interpretexpplying beyond the particular
conditions assumed.

* GHG mitigation would also affect fuel prices. Gealt, the producer price for
fossil fuels falls as demand for them is depressetthe stabilization measures.
Users of fossil fuels, on the other hand, pay lerfuel plus a carbon price if the
CO2 emissions were freely released to the atmosphi&erefore, consumer costs
of energy rise with more stringent stabilizatiowdks in these scenarios.

Achieving stabilization of atmospheric GHGs poseasilastantial technological and
policy challenge for the world. It would requireprtant transformations of the global
energy system. Assessments of the cost and fegsddisuch a goal depends importantly
on judgments about how technology will evolve tduee cost and overcome existing
barriers to adoption and on the efficiency andatiteness of the policy instruments
applied.

5.3. Application of the Scenarios in Further Analyss

These scenarios, supported by the accompanyinbatsalescribed in the Appendix, can
be used as the basis of further analysis of theddigation scenarios and the underlying
reference scenarios. There are a variety of pa&saiigblications of atmospheric
stabilization. For example, the scenarios couldd® as the basis for analysis of the
climate implications. Such studies might begin with radiative forcing levels of each
scenario, with the individual gas concentratiornp(gng separate radiation codes) or
with the emissions (applying separate models ottttbon cycle and of the atmospheric
chemistry of the non-C£OGHGS). Such applications could be made directllimate
models that do not incorporate a three-dimensiatmabsphere and detailed biosphere
model. For the larger models, some approximationlevaeed to be imposed to allocate
the short-lived gases by latitude or grid cell. I5aa effort would need to include
scenarios of the emissions (or concentrationf)@féflecting and absorbing aerosols.
This could be achieved by the use of sub-modeketino scenario for energy use by
fuel.
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The scenarios could also be used as a point ofepdor partial equilibrium analysis
of technology development. Because these modelputan@nergy prices, the scenarios
can be used for analysis of the cost performancewftechnologies and to serve as a
basis for analysis of rates of market penetrafifierences in the scenarios from the
three modeling groups give an impression of thegyaf market challenges that new
options will face.

In addition, these studies could form the foundatbanalysis of the non-climate
environmental implications of implementing potehtiaw energy sources at a large
scale. Such analysis was beyond the scope of ésemptrresearch, but information is
provided that could form a basis for such analysisexample, the potential effects on
the U.S. and the globe of implied volumes of CC& lailomass production or of nuclear
expansion in some of the scenarios.

The scenarios could also be used in comparativeemhs$t as many lessons were learned
by comparing the differences between the three fmggroups’ scenarios, still more
could be learned by extending the comparison toastes that predate these or come
after, including scenarios developed using entiddffierent approaches. For example,
some scenario exercises do not apply an econondelmoth detailed analysis of energy
markets of the type used here. Such scenarios beutdmpared against those here to
gain insight into the role of economic factors.

Finally, these scenarios might be used to explogentelfare effects of stabilization at
different levels. Such work was beyond the scopt®fanalysis specified in the
Prospectus. However, the scenarios do containnrdbon that can be used to calculate
indicators of consumer impact in the U.S., for eglanby using the changes in prices
and quantities of fuels in moving from one stalilian level to another. (The reader is
reminded, however, that these welfare effects donotude the benefits that alternative
stabilization levels might yield in reduced climateange risk or ancillary effects, such as
effects on air pollution

5.4. Moving Forward

As noted earlier, this work is neither the first it likely to be the last of its kind.
Throughout the report, a number of limitationshte &pproach and the participating
models have been highlighted. Studies such asn@@esented here would benefit from
further research and model development and thisosesuggests several productive
paths to pursue.

5.4.1. Technology Sensitivity Analysis

The importance of future technology developmertasr in this report, and sensitivity
testing of key assumptions would be of use. Fomgte, what are the implications of
various non-climate constraints on nuclear powg@taenent, or of regulatory limits on
the large-scale expansion of CCS or biofuels prodo® If particular supply
technologies—nuclear, wind, natural gas combinaediecgeneration, and biomass) were
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assumed to be more or less expensive, how woulctfeet market penetration and
policy cost? On the demand side, what are the tsff#fcalternative views of the technical
developments needed to facilitate substitutionedtecity for liquid and gaseous fuels in
various sectors, particularly in transport? SirezEhhology deployment will be influenced
by the policy environment, how would the considerabf less optimistic policy regimes
affect the scenarios?

5.4.2. Consideration of Less Optimistic Policy Regias

The discussion in Chapter 4 emphasizes that tfieudify of the stabilization task
emerging from any scenario exercise is cruciallyashelent on underlying institutional
assumptions, and the insight to be gained frommglesirepresentation of control policy
such as the one adopted here is limited. Therglesreason to believe that the world is
headed toward an international policy architectbed closely resembles that assumed in
this research. The assumed international emissnitigation regime is highly stylized.
The scenarios assume a wide array of idealizedutishs both in individual nations and
in the international community. Both developed derteloping economies are assumed
to possess markets that efficiently pass pricaimé&tion to decision makers. Rules and
regulations ranging from accounting and propegits to legal and enforcement
systems are assumed to operate efficiently. Whith sssumptions provide a well
defined reference scenario and lower-bound infaonain potential costs, the
probability is low that the world will actually ingment such an idealized architecture.
In that light, a natural direction for future resgais to supplement the analysis presented
here with analyses of policy regimes that are uddsaussion by nations and
international organizations and that have a grgaitential for being implemented. Such
research would broaden the understanding of thdigtion challenge in areas ranging
from technology development to the economics obaglanitigation.

5.4.3. Expansion and/or Improvement of the Land-Us€omponents of the
Models

A significant weakness in this analysis is the hiawgdof the role of forest and
agricultural sinks and sources. The major reasothfs gap is that the models employed
here were not well suited to analyze some of tmeptexities of this aspect of the carbon
cycle. Yet, as this analysis has shown agricultiarej-use and terrestrial carbon cycle
issues play an important role in shaping the largitradiative character of the
atmosphere. Research that would improve the clarzation of land use and land cover
as well as improve the linkages among energy aadamic systems, land use, land
cover, terrestrial carbon processes, and othegéazhemical cycles has potentially high
payoff.

5.4.4. Inclusion of other Radiatively Important Subsances

The focus here is on the relatively long-lived GK @t shorter-lived substances, such as
ozone and aerosols, have strong radiative effscigedl. More complete analysis would
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include these short-lived contributors, and themtool possibilities, directly within the
scenario analysis.

5.4.5. Decision Making under Uncertainty

Finally, the problem of how to respond to the thiafaclimate change is ultimately a
problem of decision making under uncertainty tleguires an assessment of the risks
and of how a policy might reduce the odds of extalgrbad outcomes. One would like to
compare the expected benefits of a policy to redad& emissions against the expected
cost of achieving those reductions. By focusingyam emission paths that would lead to
stabilization, it is possible to report the codtachieving stabilization without an
assessment of the benefits. Moreover, given theetilim provided in the Prospectus, the
focus is on scenarios and not on uncertainty aigaligss not possible to attach
probabilities to scenarios constructed in this wiagmal probabilities can only be
attached to a range, which requires exploratiamefeffects of many uncertain model
parameters.
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